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FOREWORD 


This  is  th*'  final  technical  report  on  Contract  No.  AF29(601).2!>M, 
Project  lOaO,  'Design  and  Analysis  of  Foundations  for  Protective  Struc- 
turco".  The  sbjective  of  this  research  prognsn  is  to  investigate  the 
problems  associated  with  the  design  and  analysis  of  foundations  for 
protective  structures  subjected  to  dynamic  loads  from  nuclear  blast. 

The  current  project,  initiated  at  Armeur  Research  Foui.dation  in 
February  I960,  is  to  a  large  exteiu,  a  continuation  of  research  com¬ 
pleted  on  an  carMcr  conti-act,  AF29(601)ll6l,  ef  the  Same  title 
(AFSWC  Technical  Report  59-56). 

The  firs’,  interim  repot t,  dated  September  I960,  and  the  second 
interim  report,  dated  M.ay  1961,  cover  the  technical  work  up  to  those 
dates  reppi.-c’.  vrty.  Thin  publication  reports  in  detail  the  research 
conducted  subi.rq'.ont  to  these  earlier  reports  and,  i-  addition, 
sumnia  /.e»'  '  :e  ever  the  (.curse  of  this  re.  h  study.  Since 

1 1.0  t'  •»  e.i  (  b-  t  reports  w«'  rtt  published  as  AFSWC  Technical  Note 
60-3o  and  bWC  Tf  c.linic.il  Ncti  61-14  "  •  not  felr  r.-i  he  neressary 
to  include  detiiis  regarding  the  research  reported  earlier. 

Pcisiiiiift  fontrib'i’iiig  to  the  work  described  in  this  report 
include  A.  Humphreys,  T.  M.  Kiel  ,  K.  E.  McKee,  J.  1.  Rosa, 

R.  D.  Ro  tr  and  S.  Shenkman.  •  h-..  authors  thank  Mr.  C.  Wiehle 
of  Air  Force  Special  Weapons  Center  for  criticisms  and  suggestions 
which  have  materially  aided  this  project.  '■ 
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ABSTRACT 


AF3WC-TDR-6i-9 


The  behavior  of  footinf^s  subjected  to  dynamic  forces  has  been  the 
subject  of  continuing  research.  Significant  contributions  have  been  made  to 
the  available  knowledge  through  a  combination  of  theoretical  and  experi¬ 
mental  research. 

Prior  analytic  studies  have  been  based  on  an  "engineering  approach" 
which  extended  standard  soil  mechanics  approaches  to  include  dynamic  be¬ 
havior.  This  approach  is  reviewed  and  corr:parisons  are  made  with  the 
experimental  results.  To  Improve  the  theoretical  results  the  influence  of 
soil  compressibility  was  investigated.  These  studies,  which  considered  the 
formation  of  pl.astic  stress  waves  below  the  footings,  produce  improved 
correlation  with  the  experimental  data. 

Specific  tech.-.ical  results  on  experimental  studies  included  in  this  report 
are  throe-dimensional  static  and  dynamic  tests  of  foot'n  with  overpressure 
on  the  sure  am..'  ;  soil  surface,  two-dimensional  stat.  !  dynamic  tests 
on  in-.iir  I  s  with  overpressure  on  one  side  (a  situation  simulating 

that  encounter  d  m  footings  for  arches  and/or  domes),  three-dimensional 
static  and  dyn.atr-ic  tests  with  irtiproved  instrumentation  to  verify  earlier 
results  and  to  provide  improved  data.  Also  included  is  a  presentation  on 
the  Dynamic  Soil  Facility,  built  by  Armour  Research  Foundation  and  used 
for  portions  of  this  research. 

PUB.MCATION  REVIEW 

This  report  has  been  reviewed  and  is  approved. 
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Chapter  1 


INTRODl  CTION 


Thi*  ntihH<*aMnn  jt  mnUnnirtg  Armniir  R<>M«>arrh 

Foundation  pregram  dealing  with  "the  design  and  analysis  of  foundations 
for  prottiCtive  structures  subjected  to  dynamic  loads  from  nuclear  blast." 
For  all  practical  purposes,  ARF  research  into  the  behavior  of  foundations 
subjected  to  dynamic  loadn  represents  a  single  continuing  effort  initiated 
in  May  of  1958.  This  report  discusses  the  technical  results  obtained 
since  the  last  formal  report  and  also  summarizes  the  earlier  research. 
Every  attempt  has  been  made  to  make  this  report  self-contained  without 
undue  repetition  of  previously  reported  material. 

The  results  of  the  original  study,  conducted  under  Contract  No. 
AF29(601)-1 161,  are  summarlted  in  AFSWC  TR-59-5*'^*^*.  More  de¬ 
tails  teg  certain  aspects  of  the  research  und»  t  contract  are 

fous.d  i  the  ti  tee  phase  reports:  Ptiase  Report  I,  "Kecommendations 
for  Fu  l-.Sea:-  fest.s"^^^,  issued  October  15,  1958;  Phase  Report  II, 
"RlbliMgraphy  cn  Foundations  Subjected  to  Dynamic  Loads"^^\  iaaued 
Decembei  31,  1958;  and  Phase  Report  III,  "Interim  Technical  Report"^^\ 
issued  January  31,  1*'~''.  Technical  results  on  the  present  contract,  No. 
AF29{601)-2561,  have  been  presented  in  AFSWC  TN  60-36*®^  and 
AFSWC  TN  6l-l4^^V  This  report,  in  addition  to  serving  as  a  final 
report  on  the  current  contract,  includes  the  detailed  technical  reaults 
obtained  since  publication  of  AFSWC  TN  61  -14^^^  For  further  details 
the  reader  if  referred  to  thes'.-  earlier  reports. 


Superscript  numbers  in  parentheses  cite  references  collected  on 
pages  21  -  23. 


ssMout  sitratCN  souNsatiON  es  iiiimoii  imit'tsts  os  ticNNoioor 


A 


TECHNIC.'i-  OBJECTIVES 


he  objective  stated  in  the  contract  ie  "to  investigate  the  problems 
a«»ociated  with  the  design  and  analysts  of  foundr.ttops  for  protective  struc¬ 
tures  which  are  subjected  to  dynamic  loads  from  nuclear  blasts. ''  This 
genersi  abjective  really  indicate*  little  regarding  the  technical  direction 
of  the  program.  The  more  specific  goals  of  the  present  pruKram  are 
limited  to  consideration  of  spread  footings  (this  is  contrasted  to  founda¬ 
tions  in  general).  At  least  from  a  qualitative  poiut-of-vlcw,  it  was  postu¬ 
lated  in  the  original  program  that  behavior  for  all  foundations  could  be  ex¬ 
plained  by  an  understanding  of  the  behavior  of  spread  footings  and  pile 
foundations  with  other  foundations  considered  a*  some  combination  of 
these  two. 

With  regard  to  spread  footings,  the  primary  research  goal  ha* 
been  to  achieve  an  understanding  of  the  behavior  of  footings  on  arbitrary 
soil  to  an  arbitrary  time -dependent  force.  The  approach  has  been  a  com¬ 
bination  of  experimental  and  theoretical  research.  The  t  orctical  re¬ 
search  has  .  .ten.;  «d  to  develop  analytical  models  whic  tsfactorily 
cxpls'^i  th  footir,.  behavior.  The  experimental  research  Has  been  di¬ 
rected  toward  )/rov"'g  or  disproving  the  suitability  of  the  various  ana¬ 
lytical  models.  Ir.  addition,  experiments  have  been  designed  to  obtalii 
qu£.htative  iniurmation  to  aid  in  the  modification  of  existing  analytical 
approaches  or  in  tl  development  of  new  approaches. 

B.  THE  PROBLEMS 

The  bearing  capacity  of  footings  acted  on  by  dynamic  loading  has 
been  the  subject  of  numerous  theoretical  and  experimental  studies.  For 
the  most  part,  previous  work  has  been  directed  toward  the  design  of 
foundations  for  machinery  and  other  equipment.  Consequently,  these 
studies,  with  rare  exception,  are  related  to  vibratory  behavior  where 
the  normal  assumptions  are  that  the  displacements  are  recoverable 
and  that  the  soil  behave*  in  an  cssentiaSly  slastlc  fashion. 
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Resf^rch  ccncerning  the  effect  of  loads  having  arbitrary  time  his* 
torios  has  not  advanced  as  fast  as  research  relating  to  time>dependetit 
loading  of  a  vibrafoty  nature.  Becavse  of  this  lac't  of  knowledge,  the 
designers  -n  considrring  non>vibratory  loads  have  necessarily  attempted 
to  !k  conservative.  In  some  instances,  this  has  lead  to  extremely  com¬ 
plex  and  luaily  deaigits.  However,  since  earlier  methods  are  in  certain 
respects  ii  rational,  what  is  thought  to  be  conservative,  may  in  fact  be 
unsafe.  The  1954  work  of  Landale^"^'  at  MIT  represents  the  only  research 
on  footings  subjected  to  non-vibratory  dynamic  loads  known  to  the 
authors,  which  existed  prior  to  iiie  initiation  of  the  research  at  ARF  in 
1958.  Prior  to  that  time,  footings  for  dynamic  loads  were  designed  as 
if  the  loads  were  static  with  some  variations  in  soil  properties  being 
attributed  to  the  dynamic  aspects  of  the  loading  (see  for  example  OCDM 
Method 

Since  1958,  a  number  of  agencies  have  initiated  research  into  this 
problem  area.  Related  experiments  currently  are  '  '  g  conducted  at 
the  Nav  .  Civt;  Kngineering  Laboratory,  Port  Huene  California; 

Hatvei  ity  of  li  inois,  UrHina,  Illinois;  Massachusetts  Institute  of  Tech¬ 
nology,  Canib'K'ge,  Mass. ,  and  the  Waterways  Experiment  Station  of 
the  U.  S.  Army  Corps  of  Engineers,  Vicksburg.  Mississippi.  Analyti¬ 
cal  studies  have  also' been  carried  out  by  American  Machine  &  Foundry, 
University  of  Illinois  and  the  Waterways  Expt  riment  Station. 

C.  REPORT  ORGANIZATION 

This  report  serves  the  dual  purpose  ot  a  final  report  on  the  entire 
pr  Ject  and  a  detailed  technical  report  on  research  completed  since  the 
last  interim  report.  The  organisation  of  this  report  reflects  this  dual 
function. 

Chapter  t  contains  a  general  discussion  of  the  behavior  of  spread 
footings  subjected  to  static  and  dynamic  concentric  vertical  forces. 

Chapter  3  reviews  the  specific  studies  which  have  been  completed  and 
which  are  reported  in  greater  detail  in  the  App,  ndices.  Chapter  4 
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reviews  the  project  and  aummarizes  the  results  which  have  been  obtained. 

The  dynamic  soil  facility,  recently  constructed  by  ARF,  is  desc^'ibed 
in  App.  ndix  A.  Appendices  B  and  C  describe  experimentation  using  the 
dynamic  soil  facility.  Appendix  D  considers  three -dimensional  static  ex¬ 
periments  with  and  without  surface  overpressure.  Appendix  C  details 
three  cMmensional  dynamic  experiments  with  and  without  surface  overpres¬ 
sure.  Appendix  D  describes  two-dimensional  experiments  cond<:cted  in  the 
glass  sided  container.  Of  particular  interest  here  are  the  experiments 
with  inclined  footings  having  st.itic  overpressure  on  one  side.  In  Appendix 
£,  the  engineering  approach  for  predicting  dynamic  footing  behavior  '.s  con¬ 
sidered.  The  effect  of  soil  compressibility  on  the  behavior  of  footings  sub¬ 
jected  to  dynamic  leads  is  considered  in  Appendix  F. 
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Chapter  2 

SPPEAD  FOOTINGS  SUBJECTED  TO  CONCENTBIC  VKKTICAL  FORCES 

In  general,  the  concern  here  ia  with  the  behavior  of  rigid  footings  on 
arbilrj.ry  aoila  aubjectcd  to  arbitrary  time-dependent  forces.  Assumption 
of  a  rigid  footing  eliminates  any  need  for  considering  the  actual  structural 
design  of  the  footing  as  well  as  ihe  stress  distribution  below  the  footing. 
The  loads  of  interest  range  from  those  associated  with  zero  footing  dis¬ 
placements  to  displacements  the  order  of  the  footing  size.  The  basic  re¬ 
quirement  is  tu  predict  the  dicplaccment-time  response  of  dynamically 
loaded  footings. 

In  reviewing  the  overall  approach  to  footing  behavior  adopted  during 
the  course  of  this  program,  attention  is  limited  to  footings  subjected  to 
vertical  concentric  loadings  since  this  represents,  in  a  sense,  standard 
conditions  and  is  the  subject  of  much  current  theoretical  and  experimen¬ 
tal  research.  Cl.aptcr  3  will  review  some  of  the  rese  which  has  been 
aimed  at  r  .nerai, nations  from  this  standard.  The  dyni. .  ic  loads  of  inter¬ 
est  are  <.  reistiv  ly  short  duration  (in  order  of  seconds)  and  are  non- 
Vibratory  in  natun  .  The  short  load  duration  nneans  that  footing  settle¬ 
ments  caused  by  consolidation  ('.ong  time  effects)  of  the  soil  as  considered 
fur  ordinary  footing  design  are  not  of  interest.  The  relatively  ah-.ndant, 
though  far  from  conclusive,  literature  relating  to  the  behavior  of  footings 
subjected  to  vibratory  toads  is  of  little  value  for  this  study.  Possible 
applications  of  these  methods  for  predicting  limited  footing  displacements 
were  investigated  by  Selig^^'  in  connection  with  this  research  and 

making  use  of  the  available  literature.  A  theoretical  approach  was  devel¬ 
oped  and  applied  to  the  experimental  results.  Unfortunately,  the  correla¬ 
tion  was  poor.  It  is  sufficient  to  state  that  this  approach  will  not  be 
considered  further  herein,  although  further  studies  should  be  made  along 
these  lines. 

Since  emphasis  or.  this  project  is  on  theories  explaining  footing  be¬ 
havior,  soil  properties  have  been  reduced  to  a  secondary  role.  Soil  para¬ 
meters  have  been  used,  e.  g. .  cohesion  (c  i,  angle  of  internal  friction  (d), 
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and  unit  vteight  (})  from  normal  soil  mechanics,  with  little  concern  for  how 
the  value*  would  be  obtained.  It  ia  sufficient  for  the  purposes  of  this  report 
to  assume  that  realistic  values  have  been  or  are  being  obtained  by  other  re- 
search.  It  should  be  observed  that  this  represents  no  small  task  particularly 
since  the  dynamic  properties  are  requin.  *'ven  further  it  must  be  recog¬ 
nized  that  the  formulation  of  the  theory  depends  on  the  nature  (not  the  values) 
of  the  soil  parameters  and  that  even  the  necessary  parameters  may  vary  for 
the  dynamic  conditions. 


A.  STATIC  BFHAVIOR 

The  literature  provides  many  analyses  for  footing  failures  under  static 

loads  caused  by  shear  failure  in  the  soil  below  the  footing.  The  theory  of 

plasticity  includes  general  methods  of  approach  for  such  problems.  For 

this  research,  the  methods  considered  for  static  loading  are  the  simplified 

solutions  normally  used  in  etandard  soil  mechanics.  The  one-sided  failure 

(121 

modes  used  were  Andersen's'  '  analysis  and  a  modific*!  o  of  the  Krey 
analysis  dev  iops.*  by  Hasson  and  Vey^^^'  For  the  sided  or  symme¬ 
trical  re  putti  =*ns,  Teciaghi's^^^’  formula  was  used. 

These  three  *  yproaches  have  been  found  to  give  similar  (within  10 
percent  of  each  otner)  values  for  bearing  capacity,  i.  e. ,  the  first  maximum 
on  a  static  load  displacement  curve.  Over  the  range  of  parameter*  of  in¬ 
terest,  Andersen's  tormula  gives  a  load  capacity  which  is  essentially  that 
given  by  the  Terzaghi  formula,  and  Hasson  demonstrated  that  his  formula¬ 
tion  of  Krey's  method  gives  capacities  similar  to  those  given  by  Terzagni's 
formula. 

For  static  bearing-capacity  analyses,  the  Terzaghi  formula  is  nor¬ 
mally  accepted.  The  approximate  formula  developed  by  Terzaghi  for  in¬ 
finitely  long  footings  with  rough  bases  is; 

p 

-jj  =  cN^  f  f  2  (Eq,  1) 
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footing  width, 
cohesion, 
depth  of  burial, 


=  static  bearing  capacity,  and 
y  =  density  of  soil , 

The  quantities  N  ,  N  and  R  are  dimensionless  bearing 'capacity  factors, 

C  J 

depending  only  on  the  angle  of  internal  friction,  6  .  The  value  of  each 
these  factors  can  be  plotted  as  a  function  of  For  square  or  cir¬ 

cular  footings,  the  approximate  formula  is  modified  by  empirical  coeffi¬ 
cients. 

In  this  research,  interest  in  static  footing  behavior  extends  suhstan- 
tially  beyond  the  static  bearing  capcacity  considered  above.  As  a  prelim¬ 
inary  approach  to  the  dynamic  problem,  the  force-displacement  curve  under 
static  loads  should  be  known  not  only  up  to  the  initial  *  *  value  (the  static 
bearing  c  v.-irity,  but  beyond  to  displacements  of  the  o  of  magnitude  of 

it  Ol 

the  ,'oot)  g  s'.'.c  Experimental  studies  of  footing  behavior,  e.  g. ,  Colder'  ' 
and  Myerkof  ,  '  ave  normal'y  considered  only  the  bearing  capacities. 

The  only  experiment  data  avaihable  for  the  entire  force-displacement  history 
for  statically  leaded  footings  are  those  initiated  under  this  project^^’ 

Under  a  constantly  increasing  static  load  one  might  expect  that  the  load- 
disptac«i..snt  relationship  could  be  idealized  as  shown  in  figure  1.  From 

it  has  been  observed  that  unloading  occurs  on  a  slope  steeper  than 
the  original.  The  first  portion  of  the  curve  would  represent  settlement  which 
v/ould  govern  until  soil  failure.  Figures  2  and  3  present  typicr.l  experimental 
results  obtained  on  this  project  for  3  x  3-in.  and  4  x  4-in.  footings  on  dense, 
dry,  Ottawa  sand.  Certain  deviations  from  the  idealization  of  f  igure  1 
be  observed,  but  basically  the  experimental  results  show  distinct  settlement 
and  soil  failure  phases.  Cenerally  these  experimental  studies  gave  satisfac¬ 
tory  results.  As  shown  by  figures  2  and  3,  the  data  were  reasonably  repro¬ 
ducible  and  the  measured  bearing  capacities  have  been  shown  to  agree  with 
the  theoretical  values. 
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Cal-  ulation  of  !>tati  .  sett1'>me.nts  was  investigated  by  Selig  ’ 

«•>%  >■»« 

Static  streas  and  settlement  solutions *“■'  are  available  for  a  rectangu¬ 
larly  loar*-'d  half- space.  Selig  used  a  truncated  rectangular  pyramid  having 
a  uniformly  stressed  horizontal  crus^  Faction  .o  develop  a  mathematical 
model  applicable  to  soil.  The  development  followed  assumptions  used  for 
footing  vibration,  e.  g. .  work  by  Pauw^^^^.  For  this  project  there  is  no 
need  to  go  into  detail  regarding  this  study,  other  than  to  say  that  the  re¬ 
sulting  theory  did  not  correspond  to  the  experimental  results^^V  As  a 
result  the  only  portion  of  the  load-si  tllement  curve  which  can  be  predicted 
is  the  bearing  capacity,  i.e  ,  the  first  peak.  Because  of  this  situation,  the 
load-displacement,  based  on  t^e  experimental  results,  as  shov'-n  in  figures 
2  and  3,  are  used  in  <.onnection  with  the  theoretical  research. 

Current  experimental  research  using  improved  apparatus  confirms 
the  earlier  results  with  regard  to  bearing  capacity  and  load- displacement 
curves.  As  part  of  the  work  reported  in  Appendix  B,  the  earlier  tests  are 
essentially  repealed  using  tw..i  variable  differential'  ;vnsr5i'niur£  (LVDTs) 

(with  lines  1  rf  .get  ij^O.l'i-in.  and  1.  0  in. ).  This  ins  entation  ver¬ 
ified  Ihe  ca-  ler  and  provided  additional  improved  knowledge  re¬ 

garding  details  of  D'.i  ■esp-.'iiite 

The  infh'.'-r.re  of  overpres-sure  on  the  surface  surrounding  the  footings 
has  been  incorporated  into  the  earlier  an  .lyses.  It  is  only  on  the  rw:;ent 
research  that  experimental  data  taking  overpressure  into  account  has  be¬ 
come  available  Using  the  dynamic  soil  facility  built  by  ARF  (see  Appendix 
A),  tests  on  three-dimensional  footings  with  overpressure  on  the  surround¬ 
ing  surface  were  conducted  {^ee  Appendix  B).  These  experiments  were 
correlated  with  theory.  Some  two-dimensional  footings  (see  Appendix  D) 
were  tested  with  overpressure  on  only  one  side  of  the  footing. 

B.  DYNAMIC  BEHAVIOR 

The  behavior  of  footings,  or  more  precisely  the  soil  below  the  footings, 

when  subjected  to  dynamic  loads  can  be  considered  in  a  number  of  ways.  In 
(21 

1958  AKF  utilised  the  standard  soil  mechanics  formulas  for  statically 
loaded  footings  tc  include  the  influence  of  overpressure  on  one  or  both  sides 
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■■  of  a  footing.  This  extension  represented  an  irrprovement  over  the  state-of- 
the-art  for  footing  design  in  use  at  that  time.  Previously  footing  c^ecigns 
for  protective  structures  had  beenlifjed  on  normal  static  approaches  with 
iacreaaes  introduced  in  the  cohesion  to  account  for  the  dynamic  effects, 
e.  g. ,  OCDM  Method 

Only  one  earlier  study  relating  tu  tciie  type  uf  dynamic  iHehavior  ia 

(7  8) 

known  to  the  authors.  Landale  ‘  conducted  a  theoretical  and  experimen¬ 
tal  investigation  at  MIT  in  t9!>4.  Unfortunately  tltis  study  was  limited  in 
scope,  therefci'o,  generalizations  fiom  these  results  were  difficult.  Lan- 
dale's  piuneei  efforts  have  served  as  the  basis  for  several  approaches  used 
in  this  research. 

Earlier  in  the  ARF  research^^’  an  extension  to  the  classic  soil 
meciiaiuc.s  theories  wa*  postulated  to  take  into  accot  nt  the  dynamic  aspects 
of  the  behavior,  the  so-called  "engineering  approach  This  postulation 
lead  to  a  theory  ha^ed  on  an  extension  to  time -dependent  loads  of  Andersen's 
theory^^^^  f”'*  or.r -sided  failure.  The  major  ass umpt:  ntroduced  for  this 

theory  ar  : 

1.  TK*'  fai’.ure  surfa  e  under  dynamic  loads  will  be  the  same  as  the 
surface  detertniri<.  .1  by  application  of  the  initial  value  of  the  overpressure 

,  as  a  static  surface  pressure.  . 

2.  The  soil  is  incompressible. 

3.  The  rosistanre  offered  to  footing  movement  is  a  functiem  only  of 
displacement. 

4.  7 he  behavior  of  the  soil  is  governed  by  the  density,  V  ;  cohesion, 
c  and  angle  of  internal  friction,  i,  where  c  and  d  may  themselves  be  func¬ 
tions  of  many  parameters  relating  to  the  soil  and  the  conditions  of  loading. 
By  considering  the  motion  of  the  failure  mass  of  soil,  a  differential  equa¬ 
tion  was  established  bailed  on  the  motion  of  the  footing  snd  the  soil  mass. 
Solutions  of  this  equation  allow  prediction  of  the  footing  displacements, 
investigation  of  inertia  effect*,  influence  of  soil  parameters,  etc. 

5.  The  resistance  ia  rigid  plastic  in  forn.. 

The  general  statement  of  this  engineering  approach  and  the  develop¬ 
ment  of  the  equations  were  presented  in  1959^^^.  This  presentation  allowed 
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for  overpressure,  buried  (cotings,  roxt  Witb  both  >  and  i>,  considered  pri¬ 
marily  a  rigid-plastic  form  u/  the  resistance  (assumption  5).  The  latter 
restrxr.tion  was  a  luti'.tion  ot  available  information  and  allowed  solutions 
based  on  !-nowledge  of  only  the  stati  :  bearing  capacity.  For  this  reason 
the  assumptions  list'd  and  the  subsequent  consideration  of  the  'engineering 
approadi"  are  more  general  than  the  original,  since  general  forms  for  the 
resislari'.ie  were  Invenligaleu. 

Appendix  E  presents  'he  development  of  the  engineering  approach 
and  compares  the  results  with  available  experimental  data.  Consideration 
is  limited  to  concentric  vertically  loaded  footings  with  equal  overpressure 
over  the  entire  soil  -curface.  TKi.c  approach  has  been  extended  to  eccentric 
load3^^^  two-sided  failures*'*^  and  failure  surface  locations,  taking  into 
account  the  inertial  e‘fe.jt s' However,  in  Appendix  E,  attention  is  lim¬ 
ited  to  the  primary  formulation  of  the  engineering  approach.  Utilizing  a 

(25) 

very  similar  set  of  assumptions  Triandafildis  in  1961  arrived  at  a  sim¬ 
ilar  theory  based  on  one  sided  failures  for  footings  on  a  cohesive  soil 
(1.  e. ,  i  -  O'.  Bf  sfd  on  Triandafildis '  results  Wallace^^^  developed  an 
approa.'h  ir  arpr'frtt.ng  fwo-s'ded  failure. 

At  I'  c  out-.*’*  this  fh.cMireii!  al  research  there  v>as  essentially  no 

experimental  data  ruiating  to  dynamir  loads  on  footings.  During  1959  a 

(’  17) 

serie-i  of  dyr-amir  teits  were  ondu.;ted  at  ARF  '  as  part  of  this  re¬ 
search.  The.iiC  dynamic  experiments  made  use  of  a  dropped  weighs  to 
applv  the  loading.  These  results,  although  primarily  qualitative  in  nature, 
suggested  the  inability  of  the  mathematical  models  to  explain  the  experi¬ 
mental  results.  c 

One  attempt  to  answer  tho  c  que^stions  under  this  project  was  research 
by  Hodge^^  Appendix  B)  ^  ..lassie  plasticity  approach  to  the  problem. 

The  possibility  of  a  theoretical  approa::h  was  established  under  certain  restric¬ 
tive  as.sumptions  and  .m  example  was  presented.  Greater  generalization  to 
extend  the  solution  to  other  problems  seems  to  be  possible  although  the 
{.ctual  labor  of  obtaining  ruch  solutions  is  expected  to  increase  substantially. 
The  overall  results  are  most  interepting  sinje  the  possibility  of  this  type  of 

theoretical  appros  ?h  wa  .<  eytablished.  Hodge's  work  V'as  paralleled  by 
(28) 

Spencer'  '  in  England  who  used  a  chfferent  method  of  solution  for  the  same 
general  formulation  of  the  problem. 
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A  second  attempt  to  answer  these  questioni'  was  the  initiation  of  an 
experimental  study  designed  io  obtain  quantitative  data  suitable  for  evalua¬ 
tion  V.-1  the  theoretical  approach.  A  dynamic  loading  apparatus  was  devel- 
ope''.  for  applying  controlled  time -dependent  forces  to  small  footings.  In- 
sti  umentation  was  incorporated  into  the  system  to  measure  the  force-time 
hisioiy  applied  to  the  footings  and  the  resulting  displacement-time  history. 
Detailed  descriptiatss  of  this  apparatus  arc  availablc^^’  but,  for  the 

present  purports,  interest  is  limited  to  the  fact  that  suitable  experimental 
results  were  developed.  Subsequent  improvements  have  been  introduced  in 
the  experimental  approach,  and  further  experiments  conducted  (Appendrx  C^. 
These  experiments,  past  and  present,  resulted  in  an  abundance  of  quantita¬ 
tive  data,  i.  e. ,  force,  displacement,  and  acceleration  records  as  a  function 
of  time,  for  footings  tested  under  highly  controlled  conditions.  The  experi¬ 
ments  confirmed  the  earlier  observations  regarding  the  limitations  of  the 
engineering  approach  and  indicated  that  soil  compressibiUiy  could  not  be 
ignored. 

A  second  theoretical  approach  is  reported  in  Af  '  dix  F,  Attention 

there  is  d'  voted  to  consideration  of  the  soil  compresK  -y  for  vertically 

(7  8) 

loaded  '  otinga.  With  the  exception  of  Landale’s  considt; ration'  ’  '  soil 

compressibih'.y  u’  der  dynamic  loads  has  not  been  considered  previously. 
There  is,  however,  an  abundance  of  literature  relating  to  plastic  stress 
wave  propagation  which  represents  a  related  problem  and  a  point  from 
which  to  initiate  the  theoretical  approach. 
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Chapter  ) 

SPECIFIC  STUDIES 

T'.iis  '.hapter  repo't.^  the  specific  research  studies  conducted  since 
issue  of  the  intciim  report  in  May  1961.  Details  of  this  research  are  re¬ 
ported  ir.  the  uix  appendices  to  this  report.  !n  discussing  these  studies 
herein,  the  intent  is  made  to  point  out  their  advantages  and  limitations 
with  particular  emphasis  on  the  association  with  the  overall  project. 
Technical  details  are  avoided  insofar  as  possible  in  the  considerations 
which  follow. 

A.  DYNAMIC  SOIL  FACILITY 

Appendix  A  describes  the  dynamic  soil  facility  built  by  ARF.  This  is 
a  multipur^use  facility,  the  potentialities  of  which  have  yet  to  be  exploited. 
Basically  the  fa-:lity  is  a  48- in.  diameter,  SOO-psi  pressure  vessel, 

Static  or  dvnam.-'  pressure  can  be  applied  over  the  su  *  .  of  soil  filling 

the  vee  jei  C.'''..:ent rated  static  or  dynamic  forces  car  .  applied  in  ar- 

biteury  cl  rectio  -/  or  at  aibitrary  prints  within  the  facility.  Independently 
or  in  combir.«t'.ic;n  ■  ith  the  surla-e  pressures.  Provisions  have  been  in¬ 
cluded  for  making  suitable  measurements  within  the  facility.  In  designing 
this  facility  every  attempt  was  made  to  keep  it  as  versatile  as  possible 
so  that  It  will  be  useful  for  many  problem  areas.  Appendix  A  describes 
the  general  facility  where  footing  tests  represent  but  one  possible  appli¬ 
cation.  Specific  tests  on  footings  in  this  facility  are  described  in  Appen¬ 
dices  B  and  C. 

B.  GENERAL  EXPERIMENTAL  PROCEDURE 

All  of  the  two-  and  three-dimensional  experiments  reported  in  this 
study  were  F«i'fo*’«»«d  on  a  dense,  air-dry  Ottawa  sand.  The  grain-size 
distribution  for  this  sand  is  shown  in  figure  4. 

Three-dimensional  experiments  were  performed  in  the  dynamic  soil 
facility.  Prior  to  each  experiment,  the  bed  was  vibrated  by  fcing  an 
immersion-type  concrete  vibrator  inco  the  bed  at  a  point  near  the  wall  of 
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the  sand  container.  The  bed  was  levelled  after  three  minutes  of  vibration 
and  tho  vibrator  withdrawn  after  an  additional  one>half  minute.  Usi'.tg  this 
proced..re,  the  average  density'  of  the  sand  bed.  based  on  the  volunr.e  oc¬ 
cupied  by  the  total  weight  of  sand,  was  109.1  pcf.  Surface  den>ity  measure¬ 
ments.  I'sing  a  scoop  oensitv  device,  were  made  throughout  the  ex]>ertmen- 
tti  program  in  order  to  check  on  the  reproduribility  of  the  bed. 

Two-dimensional  experiments  were  performed  in  a  glass-sided  con¬ 
tainer.  Thess  experiments  involved  the  us«.  of  both  surf"-ce  and  partially 
buried  footings.  In  the  experiments  involving  surface  footings,  the  sand 
was  poured  into  the  glass-sided  container  and  vibrated  for  two  minutes  by 
attaching  a  concrete  vibrator  to  the  top  of  the  container.  The  soil  con¬ 
tainer  was  then  turned  on  its  side  to  permit  placement  of  a  rectangular  grid 
of  black  '.land  (spaced  at  9/16-in.  intervals)  on  one  surface.  The  container  was 
then  returned  to  ics  vertical  position,  and  the  footing  placed  on  the  soil  sur¬ 
face.  This  pro<  edure  was  slightly  modified  for  the  partially  buried  footings 
in  that  the  footing  was  in  posT'on  before  porring  sand  into  *he  container. 
Average  sur  ties  for  each  experime-it  are  listed  ble  D-1. 


C.  THREfc-UlMI  NSIONAL  STATICALLY  LOADED  FOOTINGS 

AppenUix  B  describes  the  three-dimensional  ctatiC  experiments. 
These  experiments  corrlrtcd  'if  vertical  loading  of  surface  footings,  both 
with  and  without  a  uniform  static  overpressure  on  the  eurfacc  surrounding 
the  footing.  Load  application  was  provided  by  a  gear  box  which  wae  manu¬ 
ally  operated  ill  the  initial  experimenta,  and  motor-driven  in  the  later  ex¬ 
periments.  t'  '  ’  ' 

Applied  loads  and  resulting  footing  displacements  were  measured  and 
the  results  plotted  in  the  form  of  resistance-displacement  curves.  This 
enabled  a  comparison  of  )>earing  capacity  with  and  without  surface  over¬ 
pressure. 


AIMOVI  ■■IIAICH  SOUNBSTiaN  VS  UllNOIt  INSTITUIt  OS  tlCMNOlOOV 


D.  THREK  DiMENSlONAL  DYNAMICALLY  LOADED  FOOTINGS 

ARE  dvrL»mic  loading  apparatua^^^  waa  used  in  applying  dynamic 
loads  lo  ‘hi re- d:mer.?ional  footings.  The  expefim*!i;ta,  reported  in  Appen¬ 
dix  C.  consisted  of  '.  cncentrated  dynamic  loads  on  surface  footings  with  and 
without  a  u.-Mfotm  stati-;  overpressure  on  the  soil  surrounding  the  footing. 
Instrumentation,  consisted  of  a  high  :.cns:ti''ity  force  washer,  two  linear 
variable  ihrrerrntia*  tr>.asforme.s,  and  four  accelerometers;  transducer 
output  was  recorded  on  a  Consolidated  Electrodynamics  Corporation  oscil¬ 
lograph.  Th>  msx;mum  applied  loads  and  resulting  footing  displacements 
are  tabulated,  and  typical  force-time,  displacement-time  and  acceleration- 
time  records  are  presented  in  the  appendix. 

E.  TWO-DIMENSIONAI.  EXPERIMENTS 

Appendix  O  presents  the  results  of  two-dimensional  experiments. 

These  studies  wrr.-  planned  as  a  continuation  of  the  pre\'  ua  two-dimensional 
experirii' n'  .  . i  ..  present  experiments  cunsisted  of  <  illy  loaded  sur¬ 

face  fo  o’"  g^  .iivi  'tatic.aily  and  dynamically  loaded  partially  buried  footings. 
Scqucn-;c  phet- gr...  hs  for  a  number  of  static  and  dynamic  experiments  arc 
presented  i"  'he  appendix.  In  addition,  high-speed  motion  pictures  are 
available  lot  lyr.imi.'  rxprrtments. 

F.  '  :  .NGiNEERlNC  APPROACH  '  TO  DYNAMIC  BEHAVIOR  OF  FOOTINGS 

Appendix  E  presents  the  "englr.eei ing  approach"  for  dynamic  footing 
response.  Much  of  the  information  contained  in  this  appendix  has  been  pre¬ 
viously  published.  The  presentation  contained  in  thla  appendix  is  aomewhat 
more  genera!  in  nature  than  those  previously  presented.  Attention  has  been 
limited  to  one-sided  failure  of  footings  subjected  to  vertical  loada  and  the 
development  rerrird  through  for  that  siirplc  cate.  Earlier  studies  have  ex¬ 
tended  this  type  of  approach  to  two-sided  failure  and  have  considered  inclined 
and  eccentric  loads.  Presentation  of  the  basic  case,  i. e  ,  vertical  loads; 
and  comparison  with  the  available  experimenial  dat»*.  demonstrates  the  limi¬ 
tation  of  this  approach.  Oasically,  the  "engineering  approach"  alone  does 
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not  provide  an  adequate  explanation  of  footing  behavior.  As  a  result  of  this 
conclusion,  attention  has  been  given  to  soil  compressibility  as  one  means 
of  improving  the  ability  to  predict  footing  behavior. 

G.  EFFECT  OF  SOli.  COMPRESSIBILITY 

Appendix  F  presents  an  attempt  to  take  into  account  soil  comprccsi- 
bility  *n  piedicting  footing  behavior.  Several  alt.i./nate  approaches  are  de¬ 
veloped  and  sample  calculations  carried  out.  Assignment  of  values  to  the 
parameters  representing  physical  properties  for  the  soil  represents  the 
moat  difficult  problem.  The  values  used  in  the  stmple  calculations  were 
selected  primarily  to  give  reasonable  values  and  varUtions,  without  parti¬ 
cular  attention  to  the  physical  significance  of  the  values  selected. 

Because  of  the  lack  of  accurate  parameters,  no  quantitative  correla¬ 
tion  between  these  tticories  and  the  experiments  could  be  anticipated.  From 
a  qualitative  point  <-f  v<ew  there  were  many  similarities  b‘*ween  the  experi¬ 
mental  a'ld  I  .j.  cal  results.  This  type  of  theoretics  roach  appears 
to  offe'  ad  ant  iav  m  explaining  the  initial  movement  ot  the  footing;  however, 
addi»<onal  >s  required  to  establish  the  significant  parameters. 
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Chapter  4 
SUMMARY 

Numerous  detailed  investigations,  both  theoretical  and  experimental 
have  b'en  conducted  since  the  inception  uf  this  iwaearch  by  ARF  in  May  of 
1958.  This  report  is  line  of  many  publications  resulting  from  this  research; 
the  specific  studies  reported  herein  are  only  those  conducted  since  publica¬ 
tion  of  the  previous  phase  report.  AFSWC  TN'61-14,  Mayt  1961.  This 
chapter  will  atterupt  to  summarize  the  entire  research  effort. 

The  philosophy  of  this  research  has  been  based  on  a  combined  ap¬ 
proach,  1.  e. .  theory  and  experiment.  Initially,  a  theory  was  proposed  and 
used  in  planning  the  experiments.  Subsequently,  the  experimental  results 
were  used  to  check  the  theories  and  to  indicate  the  direction  of  future  the¬ 
oretical  developments.  This  partnership  has  provided  considerable  insight 
into  the  behavior  of  footings  subjected  to  dynamic  loads. 

p,;,  .  the  initiation  of  this  research,  dynamic  loaded  footings 

were  des'  ,nec!  hy  static  formulas  with  the  soil  parame  modified  by  a 

factor  t''  ac'-cun*.  I'or  the  dyremic  aspects.  The  initial  theoretical  work  was 
based  on  the  as«u:  iption  that  the  soil  below  a  dynamically  loaded  footing 
would  tail  along  shear  surfaces  and  that  the  dynamic  effects  could  be  intro¬ 
duced  by  considering  the  inertia  effects.  The  "engineering  approach"  is  the 
embodiment  of  this  assumption. 

As  pointed  out,  the  experimental  results  dsmonstrated  the  inadequac'* 
of  the  engineering  approach  to  predict  dynamic  footing  behavior — ^the  pre¬ 
dicted  displacements  may  be  greater  or  less  than  the  experimental  results. 
To  overcome  these  inadequacies  in  the  engineering  approach,  the  soil  com¬ 
pressibility  has  i.«en  considered. 

Studies  relating  to  soil  compressibility  are  preliminary  in  nature. 
Qualitative  comparisons  of  theory  with  eiqierlniettts  appear  reasonable, 
although  it  should  be  noted  that,  since  much  of  the  suitabie  experimental 
data  was  obtained  neat  the  conclusion  of  this  research,  the  available  time 
precluded  making  a  thorough  study  of  the  results. 
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ln»uitiv*>ly,  cne  might  anticipate  that  the  ultimate  explanation  ol  the  be¬ 
havior  of  dynamically  loaded  footinga  may  be  soil  compresaibility  followed 
by  the  formation  of  shear  surfaces.  Although  at  the  present  time  there  is  no 
proof  of  ti  is  combined  theory,  it  appears  to  be  a  reasonable  explanation  based 
on  observed  behavior  in  the  two-dimensional  experiments.  In  any  case,  con¬ 
tinuing  research  is  required  to  develop  an  acceptable  theory. 

The  experimental  studies  have  provided  data  usod  in  evaluating  the 
theoretical  approaches  considered.  Considered  independently,  the  exper¬ 
imental  results  have  made  considerable  contributions  to  available  knowledge. 
Suitable  quantitative  end  qualitative  data  have  been  obtained  for  a  variety  of 
controlled  loadings.  Tl>e  major  limitation  with  regard  to  these  experiments 
is  the  relatively  '..mall  size  of  footings  which  can  be  tested  in  the  laboratory, 
e.  g. .  for  the  4  ft  diameter  container  used  for  the  three-dimensional  experi¬ 
ments  the  size  for  surface  footin^has  been  shown  to  be  limited  to  less  than 
1/7  of  the  container  dimensions  or  6- in.  square.  As  with  any  experimental 
research,  certain  lumtations  exist  in  the  approach,  e.  g. ,  instrumentation, 
coll  placer- -■'*  an-l  test  procedures.  In  reporting  sper  experimental 
studies,  th  attc.npt  is  made  to  provide  sufficient  detail  .  that  the  experi¬ 
ments  cat  £>«  repr  duced.  In  additioti,  an  attempt  is  made  to  indicate  po¬ 
tential  limitatioiiA. 

A  goner, il  .summary  can  be  considered  in  four  parts. 

<1)  Three-dimensional  footing  tests  for  static  loads  have  provided  a 
variety  of  controlled  experimental  data  not  previously  available.  For  ex¬ 
ample,  the  data  reported  in  Appendix  B  represent  the  only  available  data 
for  footings  with  pressure  on  the  surrounding  surface. 

(2)  Two-dimensional  static  tests  in  the  glass-sided  container  have 
provided  information  regarding  looting  behavior.  Although  the  quantitative 
data  have  been  shown  to  be  related  to  that  fur  long  footings,  the  value  of 
these  two-dimensional  experiments  is  primarily  qualitative  in  nature.  The 
mode  of  failure  in  the  soil  below  the  footing  ran  be  clearly  observed.  This 
is  of  particular  value  for  unusual  loadings,  e.  g. ,  eccentric  and  inclined 
loads.  An  example  of  this  application  la  shown  in  Appendix  D,  where  inclined 
footings  with  overpressure  on  one  side  were  tested. 
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(3)  Threr  - dimensional  dynamii'  footing  Undies  have  provided  quanti- 
tativt  data  against  which  theories  can  be  evaluated.  Measurements  of  the 
applied  force -time  «.Iong  with  the  resulting  displacements  and  accelerations 
have  been  refined.  Appendix  C  reports  the  most  recent  of  these  experiments 
wher>'  statu  pre-'ure  was  applied  ovei  the  surface. 

i‘*}  Two-dimensiunal  fouii.i(;s  subjected  to  dynamic  forces  have  provided 
demonstia  .;ons  of  the  effects  cf  dynamic  loading  as  compared  with  static 
loading.  :  he  resulting  Fastax  photography  enaMe  the  researcher  to  watch 
the  progrc  is  of  failure  beneath  a  dynamically  loaded  footing.  The  results  of 
Appendix  D  are  pointed  out  as  an  example  of  this  type  of  information. 

As  a  result  of  rer.earch  conducted  to  date,  there  is  substantial  informa¬ 
tion  available  regarding  dynamically  loaded  footings.  This  inc roused  know¬ 
ledge  has  -'orved  to  disprove  assumptions  which  appeared  reasonable  earlier 
in  the  program  Thus,  mure  questions  have  been  raised  than  answered. 

This  latter  asprr.t  is  an  important  product  of  a  research  study.  Continuing 
research  i  ariP  others  ran  be  expeitedto  resu*  t  clear  understand¬ 

ing  of  th  dyn.ii'c.’r.  behavior  of  footings  and  hence  in  p.  ...udures  suitable  for 
use  by  .'sigri*  - 
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Fig.  1  IDEALIZED  LOAD-DISPLACEMENT  FOR  SPREAD  FOOTINGS 
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APPENDIX  A 
DYNAMIC  SOIL  FACILITY 
by 

ShenknrtAn  and  K.  E.  McKee 

Since  1957  ArmouT  Research  Foundation  has  conducted  a  number 
of  research  programs  dealing  with  soil-structure  interaction  and  dynamic 
loil  mechanics.  Primary  impetus  for  an  understanding  of  these  areas  stems 
from  protective  structures  in  particular  from  the  emphasis  on  hard  ard 
superhard  facilities  which  has  resulted  ii:  "digging  in".  The  least  under¬ 
stood  aspects  of  these  problems  relate  to  the  soil:  there  is  practically  no 
knowledge  regarding  stress  wave  transmission  or  soil-structure  interaction. 

Research  lias  been  severely  hampered  by  the  lack  of  suitable  experi¬ 
mental  data.  This  limitation  was  due,  in  part,  the  conflicting  require¬ 
ments  on  any  experimentation,  _^ij_e. ,  control,  cost,  size,  range,  scale.  A 
orogram  c^ndu''*»‘d  b>  ARF  for  the  Office  of  Civil  and  nse  Mobilization^  ' 
considi-rer*  exi*Miig  experimental  tools  for  such  studiei  »n  attempt  to  select 
the  most  uitible  Th’S  research  as  well  as  experience  with  various  experi¬ 
mental  studies  ill  t  e  ARF  Soil  Mechanics  Laboratory  made  certain  require¬ 
ments  for  a  dyiiami'i  soil  facility  apparent  to  the  ARF  staff.  Such  a  facility 
should  allow  investigation  of  the  effects  of  static  surface  overpressures  on 
surface  and  underground  structures,  buried  cables  and  mine  fuses;  and 
evaluation  of  soi’  stress  and  strain  gages. 

A  proposal  for  construction  of  a  facility  with  these  capabilities  was 
submitted  to  ARF  in  August,  1960^^ In  1961,  the  Foundation  sponsored 
the  design,  construction  and  preliminary  testing  of  the  facility. 

In  the  Dynamic  Soil  Facility,  soil  control  is  limited  by  existing  know¬ 
ledge  as  well  as  practical  considerations,  while  control  of  the  loadings  is 
primarily  a  funcMon  of  the  limitations  of  the  instrumentation  used.  The 
experimental  setup  is  felt  to  be  direct  enough  to  reduce  second-order  effects, 
perm..(ing  proposed  theories  to  be  established  or  disproved. 

Superscript  numbers  in  parentheses  cite  references  collected  at  the 
end  of  this  appendix. 
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Description  of  Facilit 


basically,  the  Arntour  Research  Foundation  Dynamic  Soil  Facility  is 
a  pressure  vessel  fitted  with  sufficient  openings  to  permits  wide  variety  of 
small  soil-structure  interaction  experiments.  Design  of  the  pressure  vessel 
is  sucii';  that  an  internal  pressure  up  t-o  ^00  psi  may  he  applied, 

The  basic  structure,  sketched  in  figure  A-1,  is  a  4B-in.  OD  by  48-in. 
high  cylinder  with  a  fixed  dished  head  on  the  bottom  and  a  removable  flat 
•lead  on  top.  Auxiliary  portions  of  the  structure  irrlnde; 

1.  two  8-in,  diameter  openings  on  opposite  sides  of  the  vessel  intended 
for  investigations  of  underground  tunnel  liners; 

2.  seven  2-in.  diameter  openings  on  one  side  of  the  vessel  to  provide 
for  instrumentation  connectors; 

3.  a  6- in.  di  ameter  opening  on  the  vessel  bottom  to  allow  rapid  removal 
of  soil  from  the  vessel; 

4.  a  10  u.  di-.r.ctvr  opening  on  the  vessel  bottom  :  .udics  reiaieii 

to  o  I'! utcl r  ation  of  soils  and  other  granular  maoirials; 

5.  four  6-in.  di.-meter  openings  in  the  vessel  head  intended  for  dynamic 
pressure  applications  or  for  positioning  models  on  the  soil  surface; 

C 

6.  a  12-in.  diameter  opening  in  the  vessel  head  for  use  m  applying  con¬ 
centrated  static  and  dynamic  loads;  and 

7.  two  vertical  structural  channels  connected  to  opposite  sides  of  the 
vessel  to  be  used  as  a  loading  frame. 

In  addition,  two  1/2-in.  openings  are  provided  in  the  vessel  head  for  static 
pressure  application  and  an  air  pressure  gage.  All  of  the  openings,  while 
primarily  intended  for  these  uses,  arc  expected  to  find  numerous  additional 
applications.  A  photograph  of  the  pressure  vessel  with  the  head  removed  is 
shown  in  figure  A-2.  Figure  A- 3  shows  the  vessel  with  the  head  in  place. 
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"  facility  Applications 

ihe  overpressure  associated  with  r.-jiclear  blast  intluences  the  be¬ 
havior  of  the  soil  and  hrr.c-.e  structures  set  on  or  in  the  soil.  The  facility 
enables  laboratory  stu'ties  to  be  conducted  using  a  pressure  over  the  surface 
of  the  soi'  heti.  This  pressure  may  be  time  dependent. 

Static  pressures  on  the  soil  surface  have  been  obtained  by  placing  a 
rubber  diaphragm  on  the  surface  of  the  bed  and  sealing  the  edges  of  the  dia- 
phragn^  'o  the  wall  of  (he  vessel.  For  low  surface  pressure  applications 
(up  to  iwJ  psi),  static  overpressures  have  been  obtained  using  a  standard 
air  compressor.  Higher  pressures  (up  to  300  psi)  have  been  applied  en¬ 
tirely  by  a  nitrogen  cylinder,  regulated  to  •.he  desired  input,  or  coupled  with 
an  air  compressor. 

Dynamic  surface  pressures  are  expected  to  be  applied  by  using  water- 
filled  bags  on  the  ho  !  surface.  The  hydraulic  system  designed  for  th«;  dy¬ 
namic  foot’'''”"  «>xp''rirrenta  on  an  AFSWC  sponsored  pr  '  m(A”3)  (Fig,  A-4) 

should  pro-  de  '-of  rols  of  load  application  rate. 

A  ui'aul’-  j.namic  pressure  can  be  provided  by  a  water-filled  bag 
covering  the  soil  surface  in  place  of  the  hydraulic  cylinder.  Conceptually, 
this  system  j'^o  ild  be  sati8fa''torv;  practically,  because  of  such  factors  as 
the  large  volume  of  water  and  vessel  deformation,  it  may  be  nece.  .<ary  to 
increase  the  size  of  the  various  system  components.  As  for  the  dynamic 
force  apparatus,  preliminary  experimentation  will  be  accessary  to  establish 
the  methods  of  control,  ranges  of  variables,  etc. 

A  motor-driven  gear  box  has  been  used  to  apply  concentrated  static 
loads  to  models  on  the  sand  bed  surface,  with  and  without  a  static  surface 
overpressure.  Various  rates  of  displacements  may  therefore  be  used,  de¬ 
pendent  on  the  capacity  of  the  motor  and  relative  sprocket  sizes.  A  photo¬ 
graph  of  this  type  application  providing  a  displacement  rate  of  0.  11  in.  per 
min  is  sho'vn  in  figure  A-S. 

The  use  of  a  static  surface  overpressure  in  addition  to  the  concen¬ 
trated  toad  necessitated  providing  a  seal  for  the  rod  transferring  the  dis¬ 
placement  from  the  gear  box  to  the  model  being  loaded.  This  was 
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accompliahed  by  tappinga  hole  in  the  blind  flange  covering  the  12-in.  open¬ 
ing  nn  the  head,  and  threading  one  end  of  •  double-end  air  cylinder 
into  tho  hcle,  ehcwn  in  figure  A -6. 

Concentrated  dynamic  load*,  using  the  dynamic  loading  apparatus 
described  have  been  applied  to  surface  models  without  static  surface 
overpressure.  Figure  A-7  shews  the  dynamic  loading  apparatus  as 
used  for  the  footing  experiments.  A  photograph  of  the  instrumentation 
used  in  these  experiments,  including  a  force  washer,  two  linear 
variable  differential  transformers  (LVDTs),  and  four  accelerometers, 
is  shown  in  figure  A-8  for  experiments  without  surface  overpressure, 
and  in  figure  A-9  for  experiments  with  surface  overpressure. 

When  applying  concentrated  dynamic  loads  with  a  surface  over¬ 
pressure,  the  hydraulic  cylinder  was  connected  to  the  pressure  vessel 
head,  as  shown  in  figure  A-10,  and  the  remainder  of  the  dynamic  load¬ 
ing  apparatus  wis  supported  by  a  horisontal  channel  b.'*m  attached 
to  the  ve:  > ,  :  .ding  frame  as  shown  in  figure  A-11 

.tes<^  ap'  lications,  with  the  exception  of  the  dynamic  surface 
loadings,  have  b'  en  developed  and  used  m  ARF  Project  K193,  Design 
and  Analysis  of  Foundations  for  Protective  Structures,  under  Air  Force 
Special  Weapons  Center  Contract  No.  AF  29(601)-256l. 
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THREE-DIMENSIONAL  STATICALLY  LOADED  FC  TINGS 

by 

S.  SKenkman 


The  three-dimensional  static  experiments  were  performed  in  the 
dynamic  soil  facility  described  in  Appendix  A.  Of  primary  interest  in  these 
experimer.tg  is  the  resistance -displacement  characteristics  of  footines  cen¬ 
trally  loaded  wit*'  a  concentrated  vertical  static  force  and  a  uniform  static 
overpressure  on  the  surface  surrounding  the  footing.  The  results  of  static 
concentiatcd  loads  without  overpressure  on  the  surface  have  been  reported 
undrr  a  previous  cuntracttB-l ) i*.  In  order  to  evaluate  such  factors  such  as 
difference  in  container  geometry,  grain  -  aize  distribution,  experimental  set¬ 
up  and  tecKniqurs.  a  series  of  nine  experiments  were  conducted  without  the 
overpresr”r^  These  experiments  also  provide  mes  f  comparison  with 
the  previ'  js  v.-oJit. 

.  lie  soil  ri  edium  used  in  ihese  experiments  was  an  air-dry  Ottawa 
sand  (grain  size  distribution  shown  in  figijre  4).  Prior  to  each  experiment, 
the  bed  wa^  vibrated  by  inserting  an  immersion-type  concrete  vibrator  into 
the  bed  at  a  point  near  the  wall  of  the  sand  container.  The  bed  was  leveled 
after  three  minutes  of  vibration  and  the  vibrator  withdrawn  after  an  additional 
one-half  minute.  Using  this  procedure,  the  average  density  of  the  sand  br  d, 
based  un  the  volume  occupied  by  the  total  weight  of  sand,  was  109.1  pcf. 
Surface  density  measurements  using  a  acoop  density  device,  were  made 
throughout  the  experimental  program  to  check  on  the  reproducibility  of  the 
bed.  The  footings  were  4-in.  square  by  2-in.  high  aluminum  blocks  having 
a  surface  in  contact  with  the  soil  knurled  to  simulate  the  roughness  generally 
associated  with  full-scale  footings. 


*  Superscript  numbers  in  parentheses  cite  references  collected  at  the  end 
of  this  appendix. 
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Experimh'nts  Without  Static  Surface  Overpressure 

Nine  experiments  were  conducted  in  this  sr>ries.  A  gear  box, 
rttached  to  the  loading  frame,  was  used  to  apply  the  load  in  each  experiment. 
However,  the  means  of  transferring  the  load  to  the  footing,  and  the  instru- 
mentatioi.  used  in  recording  force  and  deflection  were  changed  a  number  of 
Ihnes  during  the  series  and  require  further  description. 

A  photograph  of  a  typical  setup  used  in  Experiments  A1 
t'lrough  A4  is  shown  infigire  B-1.  In  these  experiments,  the  manually 
operated  gear  box  was  connected  to  a  proving  ring,  which,  in  turn,  was 
attached  to  a  3/4-in.  diameter  by  16-in.  long  steel  rod.  Three  dial  gages 
resting  on  the  surface  of  the  footing  measured  the  footing's  displacement. 

Load  was  applind  to  the  footing  through  a  steel  ball  resting  in  a  circular 
indentation  in  the  center  of  the  footing.  A  similar  setup  was  tsed  in 
Experiment*  A5  and  At»  except  that  an  electric  motor  was  used  to  drive 
the  gear  box,  guaram.'cing  a  more  uniform  rate  of  displacement.  In 
Erperiment'  '  An  the  rate  was  0.055  in.  per  min. 

!ii<f  imentation  for  Experiments  A7  through  A9  consisted 
of  a  high  sc.is)tivt:\  lorce  washer  and  two  linear  variable  differential 
transformers  fLVl'I  s).  The  linear  range  of  the  LVDTs  was  •  0. 15-in. 
and  -  l.O-in.yund  permitted  ar.  accurate  tracking  of  both  the  initial  small- 
and  the  final  large-displacements  of  the  footing.  The  t  0.15-ir,.  LVDT,  a 
more  sensitive  transducer  for  the  range  considered,  was  used  to  verify  the 
general  shape  of  the  displacement-time  histories  for  the  initial  displacements. 
As  shown  infi,j:rr'  B-2,  the  LVDTs  were  connected  to  a  steel  bar  which  was 
rigidly  attached  to  a  length  of  pipe  transmitting  the  load.  Data  for  these 
experiments  were  recorded  on  a  Consolidated  Electrodynamics  Corporation 
recorder;  piper  sp-.^ed  was  1/8  in.  psr  sec.  A  complete  description 
of  the  instrumentation  is  given  in  Appendix  C,  and  a  schematic  diagram 
is  shown  in  B-3, 

Load  sleeves,  provided  with  the  force  washer,  were  con¬ 
nected  to  the  footing  beneath  the  washer  and  to  a  steel  ball  above  the  washer. 
Load  was  applied  by  a  pipe  connected  to  the  motor-driven  gear  box,  with  a 
ball  acting  as  a  rolle  r  between  the  pipe  and  the  force  washer.  The  displace- 
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ment  rate?  in  Experiments  A8  and  A9  was  0.055  ir..  per  min. 


Photographs  taken  after  each  experiment,  in  addition  to  sketches  of 
failure  patterns  for  a  number  of  experiments,  enabled  comparison  of  the 
failure  patterns  from  test  to  test.  Table  B>1  summarizes  the  results  of 
t!ie  nine  experiments.  Figure  B-4  presents  resistance-displacement  curves 
averaged  for  Experiments  A1  through  A6,  A7  through  A9,  and  the  results  of 
experiments  performed  previously,  Experiments  C4  through  Note¬ 

worthy  in  this  figure  is  the  apparent  higher  bearing  capacity  in  Experiments 
C4  to  C6.  This  is  understandable  since  the  average  bed  density  for  these 
tests  was  112.  3  pcf  as  compared  with  109. 1  pcf  in  the  present  experiments. 
However,  this  does  not  explain  the  difference  in  results  between  Experiments 
A*  to  A6  and  A7  to  A9.  The  apparent  lower  maximum  loads  for  Experiments 
A7  through  A9  may  be  due  to  errors  in  observing  the  proving  ring  readings. 

In  the  expe»‘imerita,  the  proving  rmg  was  seen  to  be  jumping,  and  the  ob¬ 
served  measurements  were  made  at  the  upper  extremes  of  these  jumps. 

Tt'  '  phenomenon  was  also  seen  to  occ  a  two-dimensional 

experime-'  previously  performed^®*^^.  A  motor-dr  .  ..igear  box  was  used 
in  this  e'  jerutivv  to  provide  a  displacement  of  0.00053  in.  per  min.  Prov¬ 
ing  ring  and  dia!  g.^ge  readings  wsre  recorded  with  a  Ihmrr  movie  camera 
at  periodic  intervals.  Since  the  jumping  was  not  observed  in  the  force 
washer  records,  it  appears  that  this  effect  is  due  mostly  to  the  ring-like 
characteristics  of  the  proving  ring. 

Experiments  with  Static  Surface  Overpressure 

The  basic  static  loading  apparatus  was  modified  in  this  series  of 
experiments  to  provide  for  a  static  overpressure.  The  footing,  attached 
to  a  diaphragm,  used  as  a  pressure  seal  on  the  surface  of  the  sand  bed,  was 
initially  placed  on  the  bed  previously  vibrated  and  leveled.  This  series  of 
experiments  is  outlined  in  Table  B-2. 
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A  double-end  rod  air  cylinder,  connected  to  the  .12-in. 
flanot*,  as  nhown  in&guie  B-5,  transferred  a  constant  displacement  from 
the  motor-driven  gear  box  to  the  footing.  The  function  nf  'he  air  cylinder 
w  as  to  provide  a  seal  in  the  12-in.  flange.  Figure  B-6  is  a  photograph  of 
a  typical  experimental  setup  for  this  series.  Instrumentation  tor  the 
experiments  indicated  in  Table  B-2  was  the  same  as  used  in  Experiments 
AY  through  AV,  except  that  the  LVDTs  in  this  series  were  connected 
directly  to  the  footing  rather  than  cantilevered  off  the  loading  rod.  This 
was  done  to  enable  an  initial  balancing  of  the  LVOTs  prior  to  placing  the 
head  on  the  pressure  vessel.  Once  the  head  was  placed,  the  blind  flange  on  one 
of  the  6-in.  openings  was  removed  and  final  adjustments  of  the  LVDTs 
performed. 

Four  complete  bed  setups  were  performed  for  this  series 
of  experiments.  Since  there  were  only  smal' deflections  with  '  igh  over¬ 
pressures,  subsequent  tests  were  conducted  assuming  that  the  initial  con¬ 
ditions  were  only  littl''  different.  It  should  be  emphasized  that  this  is  an 
assumption  r*- suits  accepted  with  this  limitation.  e  experiments 

in  general,  ‘  .volv<>a  a  gradua’  decreasing  of  the  applied  t  .pressure  from 
test-to-tes*  umil  i.'.Iure  was  /eached.  It  was  not  possible  to  reach  failure  under 
an  overpressure  of  ic  psi  or  greater  since  the  force  washer  was  limited 
to  a  force  of  1000  lb.  For  this  reason,  a  proving  ring  with  a  linear  range 
of  2000  lb  was  usee,  in  Experiments  B9  through  Bll.  The  proving  rl.ig  was 
connected  between  the  gear  box  and  air  cylinder  piston  rod,  as  shown 
in  Cgise  B-7.  However,  a  force  of  2000  lb  was  still  not  sufficient  to  cause 
failure  when  the  soil  surface  was  subjected  to  an  overpressure  of  10  psi. 

In  these  experiments,  proving  ring  measurements  were  visually  recorded 
along  with  corresponding  marks  on  the  CEC  recorder  which  recorded 
the  two  LVOT  s. 

Table  B-2  summarizes  the  results  of  these  experiments. 

Since  the  load  generally  associated  with  footing  failure  was  reached  in 
only  two  experiments,  the  peak  loads  listed  in  Table  B-2  are,  with  two 
exceptions  (Experiments  B8  and  Bll|  the  maximum  load  obtainable  under 
a  given  overpressure,  using  the  available  experimental  apparatus.  Resistance- 
displacement  curves  for  the  two  experiments  where  failure  did  occur  are 
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plotted  in  B-K.  No  •'ttempt  is  made  herein  »o  discuss  the  shape 
of  theie  curves. 

It  was  found,  in  conducting  these  experiments,  that  the  seal 
afforded  by  the  surface  d  aphragm  was  unsatisfactory  in  preventing  a  small, 
but  constant,  pressure  leakage  into  the  sand  bed.  Although  many  attempts 
were  made  to  remedy  the  situtation,  a  perfect  seal  could  not  be  accomplished 
An  air>pressi.re  gage  connected  to  an  instrumentation  coupling  on  the  aide  of 
the  pressure  vessel  measured  this  leakage.  Therefore,  the  effective  over¬ 
pressure  listed  in  Table  B-2  for  each  experiment,  is  the  difference  between 
the  air  pressure  above  and  beneath  the  membrane. 

A  modification  of  Andersen's  analysis  for  one-sided  footing 
failure,  incorporating  a  uniform  static  surface  pressure,  was  performed 
in  a  past  report'  Further  modification  of  this  method  assuming  a 

aero  depth  of  burial  and  a  cohesionless  soil,  results  in  the  two  equations: 


P 


s 


;  -•  rrtan  0 

I  fo  y  tan  t 


(Eq.  B-1) 


and 

^  .  a  .  J^..  tan  ?)  .  4-  -Li—  tan  0  -  tan  0  (Eq.  B-2) 

'  ■*  "  ^s  ‘s 

where 

B  •:  width  of  footing, 

-■  vertical  load  per  unit  length, 
q  =  uniform  pressure  on  surface, 
r.  radtus  of  failure  surface, 

y  unit  w/eighi  of  soil,  and 

0  -  angle  of  interna!  friction. 

Uaing  equations  B- 1  and  B-2,  we  may  determine  the  bearing 
capacity  of  the  footing  as  a  function  of  overpressure.  With  no  overpressure 
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on  the  surface  and  an  angle  of  internal  friction,  (t  ,  of  40*  (based  on  past 
triaxial  tests),  the  maximum  footing  load  is  197  lb;  when  applying  an  ovcr- 
pressur  of  2  psi,  this  value  is  increased  to  963  lb.  An  a.erage  maximum 
load  of  216  lb  was  recorded  in  Experiments  A7  through  A9,  showing  favorable 
agreement  with  the  theory.  An  overpressure  of  2  psi  applied  to  the  surface 
in  Experiment  Bll.  where  a  maximum  load  of  1.  208  lb  was  recorded,  again 
agrees,  reasonably  well  with  Andersen's  formula.  It  should  be  noted  that 
the  experimental  results  exceed  the  theoretical  results  for  both  cases. 

Since  the  0  of  40*  was  approximate,  a  better  agreement  between  the  analytical 
and  experimental  results  could  be  obtained  by  considering  a  slight  increase 
in  0  . 

Based  on  the  modified  Andersen  method,  a  load  of  3,  858  lb 
is  required  to  produce  footing  failure  when  applying  a  surface  pressure  of 
10  psi.  Unfortunately,  because  of  the  limitations  of  the  experimental  appara¬ 
tus,  experimental  verification  of  footing  failure  subjected  to  pressures  above 
2  psi  was  not  possible.  In  future  experimental  programs  this  situation  can 
be  correctea. 

An  r.'iperiment,  designed  to  measure  the  surface  displacement 
under  different  uverr^ressures,  was  performed,  In  this  experiment  four 
LVOTs  located  along  a  dianortcr  of  the  pressure  vessel  as  shown  in 
finite  B-9,  were  used  in  measuring  surface  displacements.  One  would 
generally  anticipate  the  displacement  at  the  center  of  the  bed  to  be  greater 
than  that  near  its  outer  boundaries.  Records  obtained  from  this  experiment 
did  not  follow  any  general  pattern  as  shown  in  fi^ae  B-10.  The  cause  for 
these  inconsistent  results  has  not  been  definitely  determined. 


fOOMOBTlOH  Of  l.llNOrS  iNSTITUTi  Of  ttCHNOlOOY 

B-6 


REFERENCES 


B-1  K.  E.  McKee,  Design  and  Analyaig  of  Foundationg  for  Protective 

Structures,  AFSwc-TK- 56,  Arnnour  Beaearclt  foundation,  CKicago 
October  I?59. 

B-2  K.  E.  McKee,  Design  and  Analysis  of  Foundations  for  Protective 
Struc^res,  Appendix  E,  Ar  ti Arnnour  Keaearch 
t ounda'tion,  Chicago,  May  1961. 

B>3  K.  E.  McKee,  Design  and  Analysis  of  Foundations  for  Protectivs 
S^tructures,  Ap^JixT:  AF5VC:TH.~^5S,  Armour  Reiearch 
Foundation)  Chicago,  October  1959. 


AiMOUl  lESCAICH  EOUNOATION  Of  IlllNOIS  INSTITUTE  OF  TECHNOtnOY 


B-7 


Table  B-Z 


STAliCALLY  LOADiCD  FCX:^ TINGS  WITH  STATIC  SURFACE  OVERPRESSURE 


Initjal  bed  setup. 

*  Motor,  drivini!  near  box  failed  at  this  load 

NOTE:  .in  all  experiments,  except  B8  and  Bll,  the  nraximum 
load  and  displacement  were  the  highest  attainable  with  the 
experimental  apparatus,  rathei  than  the  bearing  capacity  and 
associated  displacement. 
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Fig.  B-1  TYPI  CAL  SETUP  FOR  EXPERIMENTS  A1  TO  A4 


Fig.  B-Z  TYPICAL  SETUP  FOR  EXPERIMENTS  A7  to  A9 


50  r. 


Fig.  B-3  SCHEMATIC  DIAGRAM  OF  INSTRUMENTATION  FOR 

THREE-DIMENSIONAL.  STATICALLY  LOADED  FOOTINGS 


B-U 


Fig.  B-4  P  "SISTANCiii-OlSPLACEMENT  CURVES  FOR  ST  VTIC 
EXPERIMENTS  WITHOUT  OVERPRESSURE 
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Fig.  B-7  list:  OF  PROVING  RING  AS  A  FORCE  TInDICATOR 
FOR  EXPERIMENTS  B9  TO  Bll 


•  Experiment  B8,lpsi 


Displacement,  x,  in. 

Fig.  B-8  RESISTANCE. DISPLACEMENT  CURVES  FOR 
EXPERIMENTS  B8  AND  BlI 


a  eti€*BCM  ro'jNO»rioN  ot  ill  no'S 


‘  H  1  T  I  T  t)  T  E 
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Fig.  B-9  DISPLACEMENT  GAGES  USED  IN  DETERMINING 


SURFACE  DISPLACEMENTS  UNDER  A  STATIC 


OVERPRESSURE 


Fig.  B-10  SURFACE  DISPLACEMEN  TS  RESULTING  FROM  A  UNIFORM 
STATIC  OVERPRESSURE 


‘vPPENDIX  C 

I  HREE-DIMENSIONAL  DYr;AMlCALLY  LOADED  FOOTINGS 

by 

i>.  Shcnkman 
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THREE-DIMENSIONAL  DYNAMICALLY  JLOADED  FCXDTINGS 


by 

S.  Shenkman 

Tw:  s<‘ri('a  <.-f  <;xpe  rimt  nts  i-n  tlirce-dimensional  dynamically 
leaded  f:  '.'tinge  were  i.^^tfrrmed  in  the  dynamic  sell  facility  described  in 
Appendix  A.  Initially,  concentrated  dynamic  inads  were  applied  to  a  4-in. 
square  by  2-it..  high  atimlnum  block  placed  cn  the  surtace  of  the  sand  bed 
(grain-size  dlstribi.tl  n  sh  wn  in  figure  4  Supplementary  experiments 
were  then  performed  by  applying  a  uniform  static  overpressure  to  the 
surface.  <.f  the  sc.l  sarr,  ur.d.ng  the  footing,  in  addition  to  the  concentrated 
dyrunif  lead  .ipplied  to  the  center  of  the  footing. 

n, :  -  r  arh  I  xperimert,  the  bed  was  vibra  *  oy  inserting  an 
imme-  .ii  n-'yo-  « <  e;- re**'-  vibrator  into  the  bed  at  a  it  near  the  wall 
of  *h  s.*;’',:  t  .  tainer.  T r.o  bi-d  was  leveled  after  three  minutes  of 
vibration  .;i.d  ♦.  e  v'.biatc  r  withdrawn  after  an  additional  one-half  minute. 
Using  th«T  procedure,  tho  average  density  ef  the  sand  bed,  baaed  on  the 
volume  (.ccupied  by  the  t.  tal  weight  of  sand,  was  109. 1  pcf.  Surface 
density  meas'^-ements,  using  a  scucp  density  device,  were  made  through¬ 
out  the  (Xperimental  program  t:  check  on  the  reproducibility  of  the  bed. 

(C-D* 

The  dynamic  loading  apparatus'  was  used  to  apply  the  con¬ 
centrated  dynamic  loads.  The  basic  hydraulic  system  remained 
similar  to  that  previously  used.  Three  needle  valves  are  shown  in 
figure  C-1,  a  sketch  of  the  dynamic  apparatus.  The  addition  of  needle 
valve  B  to  the  hydraulic  system  permits  closer  control  of  the  force¬ 
time  histr.ry.  As  shewn  in  figure  C-2,  an  incre.'^se  in  load  duration 
of  approximately  10  msec  results  when  the  valve  is  closed.  Needle 
valve  B  provides  .in  additional  function  in  the  experiments  using  a 
static  cverpressurfe  which  will  be  discuseed. 

'*■  Supsi^-'ciipl  r/imbc s  Ir,  parcT-thecle  cite  references  collected  at  tti-i 
end  ji  th.  -  '.,ppui.;li<(.. 
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Instrumentation  for  the  experiments  consisted  of  a  high 
sensitiv.' '.y  force  washer,  accelerometers,  linear  variable  differential 
transfori.-ers  (LVOTi^) ,  and  air  pressure  gages- 

A  Lockheed  Electronics  Model  WR7S  high  sensitivity  force 
washci,  vas  custom-built  to  required  specifications  with  a  linear  range 
of  0  to  loco  lb.  Load  sleeves,  provided  with  the  washer,  connected  to  the 
footing  beneath  the  washer  and  to  c.  steel  ball  above  the  washer.  The  ball 
acted  as  a  roller  between  the  force  washer  and  a  steel  pipe  connected 
to  the  hydraulic  cylinder  piston  rod. 

The  accelerometers  were  Columbia  Research  Model  300 
compression-piezoelectric-type  gages.  The  gage  sensitivity  with  the  cable 
lengths  and  input  circuitry  used  was  approximately  30  mv  per  g  acceleration. 
The  dynamic  acceleration  range  of  the  gages  is  0.02  to  40,  000  g  and  their 
natural  frequency  is  75  keps.  The  accelerometers  were  attached  to  the 
footing,  1-1/4  in.  from  each  corner,  with  a  10-32  stud. 

o  '-VDTs,  a  Sanborn  Model  5S5  DT-K  ith  a  t  1-in. 
linear  range  and  an  Automatic  Temperature  Co.  Model  6  .  .^awith  a 
+  0.  Is-in.  inear  ia.;.«e,  were  used  to  measure  the  footing  displacement. 

In  the  experiments  without  surface  overpressure,  both  transformers  were 
connected  to  a  atrip  of  steel  center- supported  by  the  loading  rod,  and  did, 
in  fact,  measure  the  deflection  of  the  rod  relativ*  to  the  hydraulic  v/linder. 
However,  it  was  assumed  that  this  motion  represented  the  displacement 
of  the  center  of  the  footing.  In  the  experiments  with  surface  overpressure, 
the  LVOTc  were  connected  to  each  side  of  the  footing  in  order  to  simplify 
adjustment  of  the  gages  once  the  pressure  vessel  head  was  placed.  Use 
of  the  -  0.  15-in.  LVOT  enabled  accurate  tracking  of  the  initial  motion 
of  the  footing,  while  the  -  1-in.  LVDT  followed  the  motion  of  the  footing 
over  the  larger  range.  The  t  0. 15-in.  LVDT,  a  more  sensitive  trans¬ 
ducer  for  the  range  considered,  was  used  to  verify  the  general  shape  of 
'.he  displacement-time  histories  for  the  initial  displacement. 
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StiMc  overpresB'.ire  applied  to  the  surface  of  the  soil  was 
measured  by  a  0  to  }00>psi  range  United  States  Cage  Co.  indicating  gage. 

The  i/'^ge  was  attached  to  the  removable  head  of  the  rvcisure  vessel  and  read 
directly  to  1  psi.  A  J.  P.  Marsh  Corp.  zero-psi  to  100-pti  indicating  gage  was 
used  for  low.?r  pressure  application.  A  Denison  Engineering  Co.  indicating 
gage  was  connected  to  one  of  the  instrumentation  couplings  on  the  side  of 
the  pressure  vessel  at  a  point  below  the  surface  of  the  sand.  The  prime 
purpose  of  this  gage  was  to  measure  any  air  pressure  leaking  through 
the  diaphragm  covering  the  soil  bed. 

A  Consolidated  Electrodynamics  Corp.  oscillograph,  a  strip 
chart  recorder  with  a  one -msec  response  time,  was  used  for  dynamic- 
recording.  As  shown  in  i.  .-.t'  C-3,  a  schematic  diagram  of  control  and 
recording  equipment,  the  recording  equipment  was  run  independently  of  the 
solenoid  valve.  The  CEC  recorder  was  permitted  to  reac’  full  running 
speed  (24  in.  per  sec  for  Experiments  El  through  E8,  and  30  in.  per  sec 
for  remaining  cxpi-riments)  before  the  solenoid  valve  was  energized. 

Photogr,,./  I  c  inst.-‘..mentation  and  dynamic  load’  oparatus  for  exper¬ 
iments  V.  .ho':t  o -e ' pr essur are  shown  in  C-4  C-5. 

Exper  ir.ei!*s  Wiihout  Static  Surface  Overpressure 

In  tl-r  pr.-'.-iour  prograrr,  force  time  and  displacement  time 
were  recorded  for  footings  subjected  to  concentrated  dynamic  leads.  In 
attempting  to  correlate  expicrimental  and  theoretical  results,  it  was  found 
that  experimental  acceleration  data  were  necessary  in  calculating  soil 
resistance  beneath  the  footing.  For  this  reason,  four  acceleror  leters 
were  attached  to  the  footing  near  the  corners  in  the  present  expe^riments. 

It  was  anticipated  taat  the  average  of  these  fi.ur  accelerometers  would 
define  the  acceleration  of  the  center  of  the  fooling.  However,  upon  running 
a  number  of  these  experiments,  the  CEC  records  show-d  a  response  by  the 
accelerometers  at  both  the  onset  and  termination  of  the  load.  If  this  response 
were  due  solely  to  the  actual  force  applied  to  the  footing,  the  avceleration 
data  would  provide  n  '  aningful  results.  Subsequent  examination  of  the 
hydraulic  system  found  these  responses  to  be  partly  due  to  the  energizing  and 
rlr,i.;ng  of  the  so’enoid  valve.  The  valve,  upon  being  energized,  applied  a 
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concentrated  load  to  the  channels  supporting  the  system,  thereby  deflecting 
the  cha>u.els  and  transmitting  a  load  through  the  hydraulic  cylinder  and 
into  the  tooting.  These  observations  were  further  vsriiied  by  examining  the 
results  of  records  taken  of  the  accelerometers,  force  washer,  and 
-f  0  Ir-in.  LVDT,  by  energizing  the  solenoid  valve  without  any  pressure 
in  the  pneumatic  system.  This  situation  was  remedied  by  stiffeuiug  the 
channel  members  supporting  the  hydraulic  system,  as  shown  in  figure  C>6. 

Twenty-nine  experiments  were  conducted  in  this  portion  of  the 
program.  Table  C-1  summarizes  the  results  of  these  experiments. 

T^'pical  records  obtained  for  solenoid  actuation  times  of  13,  45,  70  msec  and 
infinite  duration,  are  shown  in  figureuC-7,  C-8,  C-9  and  C-10,  respectively. 
Although  considerable  variation  is  noted  between  the  records  includ.d  on 
these  figures,  certain  generalizations  can  be  made.  The  two  LVUX  records 
serve  to  supplement  each  other,  the  ^0.  15-in.  LVDT  is  me.  e  accurate 
and  should  be  used  for  displacements  up  to  0.  15-in. ,  and  beyond  this 
range,  the  ^  l.O-in.  LVDT  is  used.  Observation  of  the  acceleration 
records  ir.uxc  .  .r  t'  at  significant  disturbances  occurre;  n  the  solenoid 
valve  is  op  .led  and  when  it  is  closed.  The  general  natute  of  the  obtainable 
force-timt.  hiitory  ;  ir  an  infinite  duration  load  is  shown  on  figure  C-10  • 
the  initial  peak  is  followed  by  a  significant  decrease  and  a  subsequent 
return  to  essentially  the  peak  force.  When  the  soler.  i  valve  is  closed 
the  force  drops  off  and  therefore  the  trough  may  or  may  not  appear  depend¬ 
ing  on  the  duration. 

Figure  C-ll  demonstrates  the  effect  of  displacement  as  a  function 
of  a  load  duration.  In  this  figure,  peak  deflection  is  plotted  against  the 
integral  of  the  force-time  history.  The  force-time  history  for  the  infinite 
duration  loading  v/as  integr.ated  up  to  the  time  of  peak  displacement.  This 
plot  indicates  trends,  but  the  scatter  is  such  that  the  results  cannot  be 
considered  as  conclusive. 

Integration  of  the  accelerometer  records  provided  an  independent 
check  on  the  LVDT-measared  displacements.  In  figur«C-12  and  0-13^ 
double  integrations  of  the  accelerometers  are  plotted  along  with  LVDT 
displacements  for  Experiments  E26  and  E28.  There  is  no  apparent  reason 
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for  the  consistently  lower  displacements  found  through  the  double  integration. 
Since  (he  LVDTu  could  be  at  least  approximately  checked  alter  the  tests, 
the  integration  techniques  must  be  assumed  inaccurate.  A  check  of  these 
procedures  indicated  no  apparent  source  for  the  consistent  variations. 

It  ib  11. te testing  to  note  that  the  velocity-time  curves  determined  as  an 
inle rniL.diate  step  ueaia  atiOiig  Siiiiilarity  to  the  t..iiic  mcocU. 

Exper  '.mer.ts  With  Static  Surface  Overpressure 

Application  of  a  surface  overpressure  necessitated  altering  the 
experimental  setup.  !n  this  case,  the  hydraulic  cylinder  was  fixed  to 
the  inside  cf  the  12-in.  opening  of  the  pressure  vessel  head,  as  shown 
in  figure  C-14.  The  rtmair.der  of  the  hydraulic  system  was  attached  to 
a  hcrizontal  beam  ccnnected  to  the  pressure  vessel  loading  frame,  as 
shown  in  figure  C-15.  Hydraulic  fluid  was  transferred  from  the  hydraulic 
system  r.c  the  hydraulic  cylinder  through  a  hcle  tapped  in  the  blind  flange 
of  the  12-ln.  op'  i.'.  g.  A  qu  ck-disccnnect  valve,  attached  to  the  flange, 
enabled  t''-"  \-r,  ■  f  ty,  flange  witheut  any  loss  cf  cil.  >ire  C-16  shows 
the  /('•  ri  i  o  tVe  ‘^nd  w  th  the  diaphragm  ust  prevent  a 

st;>tjc  31  •>.(  <  ;  -pre^suti  irem  leaking  inti  the  sand  bed. 

Table  C-2  summariz*  s  the  experiments  performed  in  this  series. 

In  this  table,  vi  di  fi;.t  pr  ak  d. splat  emert  as  the  final  displacement  of 
the  footing;  the  time  to  peak  displacement  is  the  time  from  initial  load 
application  to  the  initial  peak  of  the  displacement.  These  definitions 
permit  better  correlation  of  applied  lead  with  displacement,  since  in  a 
number  cl  experiments  a  "bouncing"  of  the  LVDTs  was  seen  to  occur,  and 
there  was  a  degree  cf  uncertainty  as  to  whether  this  "bouncing"  was  due 
to  soil  resistance  ur  pisten  rod  vibration. 

Six  complete  tied  setups  wire  performed  during  this  phase.  In  each 
setup,  the  sand  bed  was  vibrated,  leveled,  and  the  instrumentation,  footing, 
and  diaphragm  •.vcre  piaoed  in  position.  However,  as  shown  in  Table  C-2, 
when  static  surface  overpressures  of  25  psi  or  greater  were  applied,  the 
peak  footing  displacements  were  negligible  .  Since  the  apparatus  was 
limited  to  a  dynamic  load  of  1000  lb  (thv-  linear  range  of  the  available 
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force  washer),  the  majority  of  experiments  yielding  measurable  dis- 
placemeiits  were  performed  with  a  static  surface  overpressure  of  10  psi 
or  less,  initially,  pressures  greater  than  10  psi  were  attempted,  and  as 
a  result  a  number  of  experiments  were  performed  on  the  same  bed  setup. 

A  or  B  '.^ded  to  the  experiment  number  indicates  that  the  dynamic  load 
was  leappUcd  to  the  footing  without  relieving  the  static  surface  overpressure. 

A  number  of  experimental  observations  were  made  in  addition  to 
the  acceleration,  displacement,  and  force  records.  The  diaphragm  used 
on  the  sand  bed  was  found  ineffective  in  preventing  all  pressure  leakage 
into  the  sand.  Various  attempts  to  reduce  or  eliminate  the  leakage  proved 
fruitless  during  the  program.  However,  this  shall  be  remedied  prior  to 
any  future  testing.  The  pressure  buildup  in  the  sand  bed  was  measured 
by  the  pressure  gage  connected  to  an  instrumentation  coupling  on  the  aide 
of  the  pressure  vessel.  The  difference  in  pressure  between  ilie  surface 
and  the  sand  bed  for  each  experiment  is  listed  in  Table  C~Z. 

Appli'*'i^<on  of  a  surface  pressure  necessitated  closi  needle 
valve  B.  If  he  needle  valve  were  not  closed  during  the  periments, 
the  riessu-a  within  the  vessel  would  be  able  to  force  the  piaton  rod  up, 
since  the  hydraulic  i.'uid  would  be  permitted  to  exit  through  the  solenoid 
valve  return  nart.  Closing  needle  valve  B,  combined  with  the  small  foot¬ 
ing  displacements,  resulted  in  force -time  histories  which  did  not  decay 
af^er  approximately  80  or  90  msec  as  was  the  case  in  previous  experi¬ 
ments,  even  though  the  solenoid  actuation  time  was  set  at  70  msec.  This 
is  presumedly  due  to  friction  induced  by  the  overpressure.  Typical 
experiments,  are  shown  in  figures  C-17,  C-18,  and  C-19.  As  might  be 
anticipated,  the  observed  footing  behavior  (accelerations  and  displacements) 
increase  as  the  overpressures  decrease. 
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Table  C-l 


iJIfNAMIC  EXPERIMENTS  VaTHOUT  STATIC  OVERPRESSURE 


Expo  riment 

1  Impulse 

Duraticn  of 

Peak  Force 

Time  to 
Peak  Force 
(msec) 

Peak 

Time  to  Peak 

Numbf  r 

Ub  X  sec) 

lb 

Displacement 

Displacement 

(in.) 

(msec) 

El 

(U 

legible  reco 

rd) 

■■ 

£2 

14.24 

91.2 

263 

84.0 

E3 

6.  17 

77.6 

120 

■PH 

88.7 

El 

11.96 

99.4 
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■PH 

93.4 

E5 

9.81 

94.0 
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■PH 

.... 

E6 

9.6s 

87.1 
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■WH 

35.5 

E7 

0.96 

32.7 
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HH 

14.4 

E8 

2  00 

46.5 
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13.3 

24.9 

E9 

4.29 

35.6 
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12.3 

0.56 

37.0 

ElO 

7.35 

39.3 

269 

5.2 

0.56 

42.7 

Ell 

7.  66‘ 

48.8 
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11. 0 

1.21 

55.2 

E12 

7.60 

51.  n 

255 

7.2 

1.34 

56.2 

E13 

;  '•* 

58.9 

220 

16.8 

>0.2 

.... 

E14 

..26 

52.6 

228 

9.3 

0.95 

62.3 

EIS 

8.3! 

56.9 

219 

7.1 

0.68 

68.4 

E16 

10.  Iv 

91.8 

190 

8.4 

1.09  . 

88.  ' 

E17 

9.76 

97.4 
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1.18 

89.0 

E18 

6.08 

93.6 

142 

0.76 

88.3 

E19 

8.77 

96.0 

120 

0.93 

95. 1 

E20 

8.99 

93.6 

199 

1.20 

88.2 

E21 

9.16 

90.0 

199 

1. 17 

82.8 

E22 

18.08 

>1000 

224 

1.45 

114.8 

E23 

10.03 

bl.2 

252 

8.7 

1.12 

85. 1 

E24 

1.44 

17.  5 

124 

2.3 

0.07 

14.6 

E25  < 

17.74 

>1000 

218 

6.5 

1.37 

119.5 

E26 

3.06 

22.9 

319 

11.3 

0.  36 

32.2 

6.11 

(Illegible  record) 

E2& 

14. 00 

78.9 

297 

10.2 

0.92 

80.8 

E29 

12. 43 

88.1 

204 

9.3 

1.12 

87.4 
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APPENDIX  D 


’IWO-DIMENSIONAL  STATICALLY  AND  DYNAMICALLY 
LOADED  FOOTINGS 

by 

S.  Shenkman 

Poctmg  behavior  was  studied  qtiahtativcly  by  two-dimen¬ 
sional  experiments  The  glass-sided  container  constructed  for  the 
original  program  ‘^'^^*was  used  in  these  experiments.  The  footings 
were  3-in.  by  4-in.  and  the  soil  was  a  dense  Ottawa  sand  (grain-size 
distribution  shov-Ti  in  figure  4).  Previous  work  of  this  nature  was 
completed  on  past  rrntracts.  including  the  following  series  of  experi¬ 
ments:  a)  static  concentrated  loading.  Experiments  G1  through 
b)  dynamic  concentrated  loading  using  dropped  v/eights.  Experiments 
G6  through  and  c)  dynamic  concentrated  loading  applied  by 

means  of  the  pncunnatic-hydraulic  leading  apparatus,  ’’'xperiments  G9 

,♦->  71 

through  :.4ll''  .  Included  in  these  experiments  r  /ertical  static 

ari  dy  amic  !'  .tds  on  »urf.ncc  footings;  vertical  static  toads  on  buried 
footings,  VC- eccentrics lly -applied  dynamic  loadings  on  surface 
footings,  and  inclined  dynamic  loadings  on  surface  footings. 

The  present  study  continues  these  experiments  using  b,.h 
surface  and  partially  buried  footings.  The  numbering  system  used  in 
the  previous  studies  is  continued  cn  this  program,  since  the  basic 
facility  the  same  and  the  qualitative  objectives  are  similar. 

TlicoC  experiments  are  summarised  in  Table  D-!. 


Superscript  numbers  in  parentheses  cite  references  collected  at  the 
end  of  this  appendix. 
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Surface  FootiiiKS 

Two  static  experiments,  G22  and  G23,  were  performed  in 
this  bci'es.  In  each  test,  a  constant  displacement  rate  was  applied  to 
the  footing  by  a  meter  driven  gear  box,  :ur,r>ingat  8.033  in.  per  min  in 
Experiment  G22  and  0.  1 1  in.  per  min  in  Experiment  G23. 

Instrumentation  for  Experiment  G22  consisted  of  a  proving 
ring  which  measured  the  applied  load,  and  a  dial  gage  which  recorded  the 
deflection  of  the  footing. 

Instrumentation  for  Experiment  G23  cansisted  of  a  fo  rce 
washer  and  two  LVDTs  15-in  and  l>in.  linear  range  as  described 
in  Appendix  C)  le.ording  on  a  CEC  recorder.  Figure  D-1  e'lows  the 
setup  for  Experiment  G23;  the  setup  for  Experiment  G22  was  similar 
except  for  the  ir.->t’'umentation.  A  photograph  after  failure  is  shown  in 
figure  D-2 

Tvo  tiethods  for  comparing  the  results  oi  i.>periments 
GZ2  and  GJi  's.milar  previous  setups  (Experiments  Gl,  G2,  and  G5'^^*^^ 

would  involve  ei-'r.er  a  comparative  plot  of  their  resistance -displacement 
curves,  or  ex.uiiination  of  the  rt  suiting  bearing  capacities.  Both  methods 
would  of  courr«.  be  desiiable,  .however,  the  resistances  and  displacements 
for  Experiments  Cl,  G2,  and  G5  were  tabulated  to  a  point  before  the  peak 
bearing  capacity,  and  the  resulting  peak  loads  recorded  without  their 
corresponding  displacements.  Table  D-2  presents  a  comparison  of 
these  expe  I '  r.'.euts,  based  on  their  bearing  capacity.  Also  included  in 
Tabic  D-2  ia  he  result  of  an  expieriment  previously  performed  in  the 
glass-sided  concaiuer^^*^^  where  a  static  concentrated  load  was  applied 
to  the  footing  at  a  "slew"  rate  (0.00053  in  /min). 

The  comparison  attempted  is  based  on  ihe  experimental 
results  without  any  regard  to  lou  1  application  techniques  or  instrumentation. 

It.  Experiments  Gl,  G2  and  G5,  the  loads  were  applied  by  a  hydraulic  Jack, 


whr-ieas  in  G2<%  Gii,  and  the  "slow"  rate  loading  experiments,  the  loads 
were  applied  by  a  gear  box.  Since  GZZ  is  similar  to  Gl,  GZ,  and  G5,  the 
means  of  load  application  docs  not  appear  to  produce  significantly  different 
results. 

In  observing  the  proving  ring  and  dial  gages  while  conducting 
an  experiment,  the  load  and  deflection  seemed  to  jump  in  substantial 
incrernenls  This  effect  has  pieviously  been  derc.'.nstratcd  in  the  "slow" 
rate  of  loading  experiment,  where  the  nrnving  ring  and  dial  gage  readings 
were  recorded  by  a  movie  camera,  the  results  of  which  are  plotted  in 
Fig.  D-l.  If  we  consider  the  exlteme  forces  recorded  by  the  jumps  as 
defining  an  envelop,  the  lower  curve  of  the  envelop  records  a  resistance 
of  224  lb,  which  is  an  agreement  with  Experiment  G23  as  plotted  in 
Fig.  D-4.  It  is  therefore  felt  that  in  all  static  experiments  prior  to  G23, 
the  peak  resistances  were  observed  at  a  point  representing  the  upper  curve 
of  the  envelop,  and  do  not  represent  the  true  bearing  capacity  of  the 
footing.  Very  linnted  jumping  was  observed  in  the  force  washer  records. 
The  sprinf  vua;  c'ciistic  or  time  required  for  reco\  of  load  in  the 
proving  tng  niu’.  explain  this  jumping. 

Partially  h-urted  Footings 

An  effort  to  simulate  the  geometry  and  type  of  loadings  for 
arches  and  domes  was  made  in  this  series  of  experiments.  Considering 
the  structure  (arch  or  dome)  to  consist  of  a  concave  downward  dished  head 
connected  to  an  annular  ring  or  footing  of  greater  width  than  the  thickness 
of  the  head,  the  bearing  surface  of  the  footing  may  either  be  horizontal 
or  tilted  at  some  angle  to  the  horizontal.  The  outer  surface  of  the  footing 
would  be  covered  with  a  layer  of  soil,  dependent  on  the  depth  of  burial 
of  the  footing,  while  the  inner  portion  of  the  footing  would  be  at  the 
excavated  ground  surface.  A  nuclear  detonation,  therefore  subjects  the 
outer  surface  of  the  structures  and  surrounding  soil  to  an  overpressure 
during  the  time  that  the  footing  is  subjected  to  load.  For  the  purposes  of 
this  experimental  approach  attention  has  been  limited  to  the  two-dimensional 
problem.although  it  should  be  recognized  that  the  real  three-dimensional 
situation  may  introduce  significant  variations. 
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Since  the  ob)ect  of  these  experimen  ?  is  to  supply 
qualitative  result?,  the  ac  tual  problem  was  simplified  bv  applying  a  static 
overptcisure  to  one  side  of  a  simulated  arch  or  dome  footing.  The  experi¬ 
mental  procedure  for  these  experiments  considered  static  and  dynamic 
concentrated  loads  for  vertical  footings  and  footings  inclined  at  an  angle 
of  30®  to  the  vertical  The  footings  were  T-shaped  with  bearing  surface 
dimensions  3-in.  wide  by4-in.  deep.  Strips  of  plastic  foam  covered  by 
a  sheet  of  paper  were  glued  to  the  sides  of  the  footing  to  prevent  sand 
from  leaking  between  the  footing  and  glass  plates.  A  rubber  membrane 
contained  by  the  glass  box  on  three  sides,  and  the  footing,  sand  and  a 
steel  plate  on  the  other  three  sides,  was  inflated  and  held  to  a  given 
pressure,  simulating  a  static  overpressure  on  the  surface. 

Instrumentation,  shown  schematically  in  f’ture  D-5, 
included  a  force  washer,  a  t  1 .  C  iii.  LVOT,  and  a  ^0.  15  in,  LVDT 
recording  on  a  CEC  recorder,  {see  Appendix  C  for  a  complete  description  ♦ 
of  the  ine‘ lit  ' tior).  In  addition,  a  16mmWollen“»  Fastax  camera 
was  used  '  j  f'bserve  footing  failure  under  dynamic  loa 

•  ',o  LVDT  '€■  re  connected  to  a  strip  of  steel  which  was 
renter-suppor’ed  by  the  loading  red.  It  was  anticipated  that  these 
LVDTs  would  measure  the  di.' placement  of  the  center  of  the  footing, 
regardless  of  the  movement  of  the  footing.  However,  it  was  seen  that 
in  many  cases,  tae  loading  rod  would  bend  vidien  the  footing  started  to 
turn  and  th  displacements  recorded  .-e  not  those  of  the  center  of  the 
footing,  but  -nther,  indicative  of  the  motion  of  a  point  some  distance 
from  the  center.  It  was  possible,  during  the  initial  displacement  of  the 
footing,  to  average  the  readings  of  both  LVDTs,  since  they  were  on 
opposite  sides  of  the  footings.  For  this  reason,  load-displacement  curves 
for  the  two-dimensional  static  experiments  are  plotted  until  the  point 
vidiere  the  0.  15  -in  LVDT  became  nonlinear. 

In  each  of  these  experiments  the  force  was  applied  normal 
to  the  base  of  the  foDtii'.g  and  the  deflections  measured  parallel  to  the 
direction  of  load  application. 
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'  "  Table  D-3  summatizes  *.he  results  of  the  experiments  using 

a  cor centrated  static  load.  Resistance-displacement  curves  lor  these 
experiments  are  plotred  in  ues  L-6  a:  -  !>-?.  Typical  setups  are  shown 
in  Figs.  D-R  and  D-9  for  vertical  and  inclined  footings.  Each  of  these 
expci’meuts  used  a  motor -driven  geai  box  applying  the  load  to  the  footing 
at  a  ilir  placeivtr  ot  i.ate  of  C.  llC  ni.  per  nun.  A  surface  overpressure 
of  5  psi  was  used  in  Experiments  G29  and  G.11,  however,  overpressures 
as  high  as  10  psi  were  attempted  in  Experiments  G24  and  G27.  but  they 
were  found  difficult  to  control  for  the  procedure  used,  and  in  both  cases 
caused  the  rubber  membrane  to  burst.  Sequence  photographs  of  footing 
failure  in  Experiments  G2d,  G29.  G30,  and  G31  are  shown  in  Figs.  D-10, 
D-11,  D-12,  and  D-1?.  respectively  . 

Table  D-4  summarizes  the  results  of  eight  experiments  using 
the  dynamic  loading  .spp.iratus  .  In  each  of  thrr.s  experiments  (G32,  G34, 
and  G35)  the  load  was  applied  three  times  before  failure  planes  were 
apparent.  Rept  .jted  application  of  the  load  is  indicated  by  A  or  D  in 
Table  13-4  ,tttei  ne  e'liperiment  number.  Repeated  t-  3  was  felt  to  be 
jusr.iie.'  .f  till  ;  iplacemcnts  on  prior  tests  was  small.  Footing  displace¬ 
ments,  listed  .r.  !  iblt  D-4  foi  these  experiments  are  cumulative  with 
respect  to  the  initial  setup.  Typical  setups  for  these  experiments  are 
shown  in  Figs.  0-14  and  D-15,  for  vertical  and  inclined  loading  application. 
Force-time  ana  dtsplacemrnl-time  records  are  shown  in  Figs.  D- 16, 

D-17,  0-18,  and  0-19  for  Experiments  G33,  G36.  G37,  and  G39i 
respectively;  sequence  photographs  taker,  from  the  16  mm  movte  film  are 
shown  in  Figs  0-20  to  D-23  for  the  above  experiments. 

Of  particular  interest  in  these  experiments,  both  static 
and  dynamic,  is  the  location  of  the  failure  plane.  While  it  is  not  possible 
to  generalize  these  locations  because  of  the  limited  number  of  experiments, 
the  following  effects  have  been  observed: 

a)  Vertical  footings;  in  all  cases  failure  occurred 
within  the  area  of  the  simulated  dome. 

b)  Inclined  footings. 
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1)  Location  of  the  failure  plane  for  static  loading 
was  dependent  on  the  applied  static  overpressure; 
under  ambient  pressure,  failure  occurred  outside  the 
structure  while  an  application  of  5  psi  to  the 
surface  caused  the  shear  plane  to  develop  within 
the  structure. 

Z)  Formulation  of  a  failure  plane  for  dynamic  loading, 
under  both  ambient  and  overpressure  conditions, 
occurred  outside  of  the  structure.  In  two  experi¬ 
ments,  G3SB  and  G36,  the  footing  was  seen  to  turn, 
the  initial  failure  outaide  the  structure  formed  and 
followed  by  a  failure  plane  within  the  structure. 

An  important  phenomenon  observed  in  the  16  mm  movies 
was  the  turning  or  twisting  of  the  footing  during  load  application.  As  a 
result,  in  most  cases  the  .inal  angle  of  inclination  of  the  footing  is 
different  than  the  original  angle  of  load  application.  This  *esults  in  a 
moment  applied  to  the  footing  due  to  the  eccentricity,  in  addition  to  the 
applied  load.  No  effort  was  made  to  measure  this  eccentricity  during 
this  series  '  ox- criments,  however,  future  experiir  *  of  a  similar 
nature  si  juld  attempt  to  place  the  point  of  load  applU  .i  closer  to  the 
bciaring  uriacr  of  the  footing,  thereby  minimising  the  resulting 
eccentricity.  Of  course,  the  eccentricity  may  be  completely  eliminated 
by  rigidly  connecting  the  footing  to  the  loading  rod.  Any  future  experi¬ 
ments  will  weigh  this  approach  against  the  "roller"  type  of  load 
application. 
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Table  D-1 

TWO  -  DIMENSIONAL  EXPERIMENTS  REPORTED 
MEREIN 


Experiment 

Number 


Average 
Density  of 
Sand  in 

Container 


insii 


Type  of 
Footing 


Type  of 
Load 


Surface 

Partially  buried, 
ve  rtical 

Partially  buried, 
vertical 

Partially  buried, 
vertical 

Partially  burled, 
vertical 

Partially  burled, 
vertical 

Partially  buried, 
vertical 

Partially  buried 
inclined  30^ 
from  vertical 

Partially  burled, 
inclined  30° 
from  vertical 

Partially  buried, 
inclined  30° 
from  vertical 

Partially  buried. 
Inclined  30° 
from  vertical 

Partially  buried. 
Inclined  30° 
from  vertical 

Partially  burled, 
inclined  30° 
from  vertical 
Partially  buried, 
inclined  30° 
from  vertical 

Partially  buried, 
vertical 

Partially  burled, 
vertical 

f^rtially  buried, 
vertical 


Dynamic 

Dynamic 

Dynamic 

Dynamic 

Dynamic 

Dynamic 

Dynamic 

Dynamic 


*Movlee  of  theee  experiments  arc  available. 


Static 

Surfar 

Overpreasura 
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Tablo  D-2 

TWO-DIMENSIONAL  STATIC  EXPEP.IMKNTS  OF 
SURFACE  FOOTINGS 


Experiment 

Number 

Maximum 

Load 

(lb) 

Bea  ring 
Capacity 
(osi) 

G1 

264 

22.0 

G2 

300 

25.0 

GS 

344 

28. 7 

"Slow”  rate  of 

275 

22.9 

loading 

G22 

329 

27. 

G23 

234 

____ 

IV.i 

/  .  ,  Table  D-3 

TWO-DIMENSIONAL  STATIC  EXPERIMENTS  OF 
PARTIALLY  BURIED  FOOTINGS 


■■T.ar - ^ 

Experiment  Number 

Static  Surface 

Overpr«.-ieure 

,  (pal) 

Maximum 

l.oad 

(lb) 

Deflection  at  1 

Maximum  Load 
(in.) 

025 

0 

625 

0.127 

G26 

0 

603 

028 

0 

!>•*? 

0.123 

G29 

5 

782 

0.112 

G30 

0 

468 

0.152 

G31 

5 

940 

0.328 

WNBATION  or  111! 


D.9 


II  IHITITUTI  or  TICHNOlOOr 


Table  D-4 


TWO-DIMENSIONAL  DYNAMIC  EXPERIMENTS 
OF  PARTIALLY  BURI3D  FOOTING 


Number 

Pc;;itio;a 

of 

Tootinj 

HMill 

ISHSIl 

Over- 
pro  s. *511  x*f 

(psi) 

;  G32 

i  ncliucU 

391 

10.9 

0.062 

13.8 

0 

G32A 

inclincU 

•195 

10.3 

0. 152 

12.7 

0 

G3211* 

inclined 

519 

10.9 

0.7-;2 

76.6 

0 

C33* 

inclined 

455 

IS.  6 

1.693 

80.9 

0 

G34 

inclined 

803 

.... 

—  — 

J 

G34A 

incliitcd 

793 

...» 

.... 

.... 

5 

G3-in 

Incline  i 

916 

13.2 

3 

G35 

inctim-'l 

969 

19.9 

0.372 

19-6 

2 

G3SA 

inclined 

918 

13.8 

0.  553 

15. e 

1 

03513* 

i  i 

776 

16.2 

I.  5.’ 

83.0 

0.5 

G36* 

.nclin<  1 

9-10 

1S.2 

0. 66  1 

74.5 

0.5 

G37* 

vertlr.-.l 

052 

12.2 

1.30C 

73.3 

0 

C38 

VC  rtical 

7  oS 

13.  1 

I.-IIO 

97,  9 

5 

G39* 

VC  rticai 

778 

12. 1 

1. 163 

90.8 

5 

Movie*  of  these  c::porirr>cnts  are  available.  Repeated  appiic.'tioi.  of  the  load  oa  a 
given  setup  is  indicated  by  the  letters  A  or  1’  after  tlic  e::;>cri»i'>oat  mmiuers. 


aiMOt'l  IKIAICH  rOUMSATION  99  IIIINOII  INITITUTI  O*  TICHNOIOOY 


D-IO 


Fig.  D-1  SETUP  FOR  EXrrgRlMENT  GZr* 


Fig.  D-2  EXPERIMENT  G23  AFTER  FAILURE 


D-1 1 


280 


Diaplacement,  in.  x  10 


Resistance 


-4r- 


pig.  D-4  Rt:.s-.srANCE- Displacement  curves  for 

EXPER  MENTS  02^  AND  G23 

AIMOUl  ■■(■ASCN  rettNSATI*M  e»  IlilNOIS  INItITUTI  0»  IICNnOIOOY 


ij^  \  s 


60  cps 


Fig.  D-5  SCHEMATIC  OF  mSTRUMENTATION  FOR 
TWO-DIMENSIONAL  EXPERIMENTS 


Resistance 


Fig  D-6  RESISTANCE- displacement  CURVES  FOR 
INCLINED  PARTIALLY  BURIED  FOOTINGS 

AtHOUl  ■ItlAICN  AOVHSATISN  •*  UllMOIt  (HfTITUTI  Ot  TICHNOIOOV 


■■■“  Experiment  C29 
.  _  Experiment  G25 

E]q>eriment  026 
Ei^eriment  C28 


Oiepiecement,  x,  in. 


Fig.  D-7  RE.SISTANCE- DISPLACEMENT  CURVES  FOR  PARTIALLY 
bur:ep  vert  ical  FCX>T1NGS  w«thoot  static 
OVERPRE.SSURE 

VI  tKIAICN  POWMeAtieN  or  ItllMOIt  INITITUri  or  TfCHNOl 


340  30C 


End  of  Experiment 


Fig.  D-10  SEQUENCE  PHOTOGRAPHS  FOR  STATICAL!.  Y  LOADED 
VERTICAI.  FOaTING  (EXPEiUMENT  G28) 


/ 


*  - - ^ 

•  a  ■•«••■■■>■■•**********  **!l 
aaai  ••§■••■■  v**********^}*? 
iaaaiaaaSsSaaaaAoaaaV!****! 
aailaaaaaavaia******^***  ] 

aaaaaaaaa«i#«*«»*»«;;*|Si2.1 

.•aaaaaaaaaaaaaaaaasma  raa 


■  a  a  7'^liYa^****** '■*•■■  ■*■■** 

liaaiiliiS***;***”:*::?;;! 

laaaaaaaaaaaa*^***********.* 
iaiaaaa«a»Bua»a«aaaa»aaaai 
laaaaaaaaaaMaaaaaaaaaaaaai 
I'a  a  a  a  a  a  a  a  »  aHa  a  a  ■  a  a  aaB  aa  8B 1 

ia*a*v#«aanbaaVllBVnwm( 

•  aaaaaaaaaJIBBaBaatBBBaB  tai 

- -UBBBaBBB  a  a  a  BBI 


•  mmm- 


mmmm^ 


!a!2T!!.S«tftf«B»aaBBBaaaaaa 
aaaaaaaaaaij 

a  a  aa  Baaaaaal 


raaaaaai 


••aaaaaaaaaaai 

aaaaaaaaaawai 

aaaaaaaaaaBBi 

aaaaaaaaaaaai 


laaa^r 
■•a* 


!•  •  •  ft  ft  Ik  •«] 
t  ft  ft  ■  ft  ft  ■  < 


ift  ft  ftft ••■■■«•«• >' 

1  I  «  •  *  I 


•av\r*fl 


<^'aa  ******  fc' 


. . ,ft...aa.aaa.*» 


340  aec 


Knd  of  Experiment 


Fig.  D-11  SEQUENCE  PHOTOGRAPHS  FOR  STATICALLY  LOADED 


VERTICAL  FOOTING.  EXPERIMENT  G29 


•■■uaMaar 


I  V«*« 

m\ 


«aaal 

■•aaf 


laaaaai 


■aaaaal 


I  * >■  '<'*  MLiu|Spt*«aiiii  ii  ■iiiS'l 

(■■■■■aaiiaaaaaaaaa  - 

•4ia*aaBBaaa«a8H«ia, 

{••■■■■■■■•aBaaaaaif 

|va«a««v - 

_ 

I  ■■••■aaaaaaaaaaaa aaaaaaaaaal 
l»»a«a»aaaaaaaaaaaiaaaaiiaaaaai 
••■8BBBaaaaaaBiaaaiaaa§aaaaa| 
|»^^^■^^aaa■aaa■^aaiaaaaaaaaa| 
la  ■  ■  •  •aaaaaaaaaaaaaaanaaaaaal 


?  —  »  »  »  »  S  » 

m  wiv  ■  w  wm  ■  ■  ■  iWWMP  w  w  ■ 

■■■■aaaBaaaaiiaaaaBaai 


[ iiSaaaakiaaaar^*- 
SaaiaaaaAMM^ 

■aalaa*a"f*««a 
laaiaaaaaaaaai 


*aaaai 


• aaaaaai 
itaiBtaa* 

«aa« 


taaaaaaaa 
kaftiMaafaaaai 
laaiaaaaaaaaal 
aaaBi 


ISaaaaaaS 


a«aBaaapal 


! 65  SIC 


I  e  ! 


;;rs?fja»aas_ 

■•■aa<33aa!95:a3a. 


t  a  a  a  •  a  a  i -- ;^5ijpa  a  a  sg^aaa  2 


aaaii^^aaaaBi 
-K^aaaaaaii 

kBaaaaBBaaaaa a| 


275  aec 


iaaaaa«^!S**faSIf*fttaaaaaa 

*Baaaaaaaaa«ll9^AaaBaaaaar 
f  a  a  a  1  a  a  aaaaaaanjaiaaaai 


355  aec 


mMm-i 


S  va > •  ' UaaaSaaai 

aaBaaaaavWpTfaSSjangnaBBaaai 
«  a  •  a  aaaaaa^^itftisiiBaaaBaaBai 
a  a  a  a  a  a  B8  aaaicwm  a  aaaaaaaaaai 
aaaaaaatBBBaaaaYBBaaaaaaaaai 
aaaa  eaaaaaaaaaaaaaaaaaa.aaaiai 


End  of  Experiment 


Fig.  D-12  SEQUENCE  PHOTOGRAPHS  FOR  STATICALLY 


LOADED  INCLINED  FOOTING  .  EXPERIMENT  GiO 


D-20 


•  ^  •  f  I  k 


•  ••a«a«aaaaaa«««M*a 


*mA9  ' 
aar-a\ 

AfiT  A 

aa*a«»?**» 

••■aaasaav^  _ 

*  ■* 

•••»«» 


■  • • • a« • a 


•  •  •  4  # 


>a»a*#«aaaaaa********^**^* 
.  «••••••••  •aa»aait»T***««'V 


aaaaaa 
«  aaaaaa 


aaaaaaaa*  r 
••••••« aa^ 

mwwmm\9W%> 


<aa««aaa«a*av««'##**^S*aaaa«*a 
aaaaaaaa  #••»#•«•••■■■••••*# 
••■aaaatf«aaaaaaaaaaaa*a«va 

•  waaaaiiaaaaascaaaaa^aaaaa 

•  #^a»aaiaa*«aa— aaaaaaaa«»a 

«  •  «  •  •  a  a  ■  •  «  a«  a  a  •  • 

aa  a«aaaaaaaaaaas*«»a 
aa  aaavaaiuctvaaava  •  •  a 


aaaaaaaaaa 


■SsA, 


.a»«BaBaata«v^«  -'//,? /Ji  t  - 

■  •  •  B  aaa  a  a  i  •  •  •  •  •  «»-  > 

B  ••••■•  •  •  p'V  S  *  i^a  aa  a:  iUBm 

~BBaaa»wwB>BBaaaiaaaaBaiti» 

•  •••••••aaa»»aaaaB»  r“  ” 

•  aaaaaaaaiaaBvmaata^' 


e 


Fig.  D-IJ  SuQUKNCK  PMQTOCRAPHS  FOR  STATICALLY  LOADED  I^TITVED  TOOTING  . 

EXPERIMENT  G^i 


Displacement,  in.,  ±0.15  in.  LVDT  Force,  lb 


Force  Washer 


0  20  40  60  80  100  120 

Tiroe>  msec 


Fig.  D  16  EXPER:MENT  ^  ^  ■  NCLINEP  FOOTING.  0  PSl 

AIMCUI  ••IfAtCH  tOWNSATION  OP  IlllNOIS  IMSTIfUTS  OP  TICHNOIOOY 


D-24 


Displacement,  in.,  ±1.0  in.  LVDT 


Displacement,  ii  .  Force,  lb 


0 


"t 


t  I  I 

lO 40 50 
Time,  msec 


- rW 


Fig.  D-17  EXPERIMENT  G36  (INCLINED  FOOTING,  0.  5  PSl) 
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D.25 


Forcf*  Wa«her 


20  40  60 

Time,  msec 


80 


100 


Fig.  D-18  EXPERIMENT  G37  (VERTICAL  FOOTING,  0  PSI) 

AfMoui  ifsiAtCN  'ouNeATieM  er  uiinoii  institvti  or  tichnoiooy 


D-Z6 


Oisplacsment,  i 


m«ec  49 

Fig.  D-2a  SEQUENCE  PHOTOGRAPHS  FOR  DYNAMICALLY  LOADED 
VERTICAL  FOOTING.  EXPERIMENT  G33 


I 


D-28 


97  maec 


End  of  Experiment 


Fig.  0-20  SEQUENCE  PHOTOGRAPHS  FOR  DYNAMICALLY  LOADED 
VERTICAL  FCX?TING.  EXPERIMENT  G33 


(cont'd) 


i  ••••«■■  ••iia  •••««•#.••••  r 


,  ■•••V******* 
ttfmnf^rn • • ••  ' 
)•{•««••••• 


M9«  «» t  ii 

“•t i «k  g#| 
•  •  4  «  r*  «  •  I 
• «  t  t  f 
ft  «  •*  ' 


»  *  ■#»  ■  ••  '^  •*  . 

*  k*  fc  *  *^4.  . 

I  A.0«*  » 

ft  ^ 

It  »  ft  tf  i  •  ft  >  f  r  .  .  ; 

r^ft  ftft  ft 

»  #v  »«  ft  ••  j  ^  r  ; 
i»ftftftft«ftr#««^ 
•« 

I  ^  ft  ft  •►«  **»»•»' 
fv»tr«fr  -  **•  ► 

i  ft'ft-*^  ft  .V  i  *  %  - 


j  -ft 

.  W  ■«  «  '  «M  C  »  ft  •  tfti  »••••! 

»  %  > •. >  » Kf •(•••ai 

4< ••^•rtavktvaall 
•««*.•  ft*  vkafl 
■  '•  r««  #••••• 


•  <1  » 


1+  S- 

•  ‘  Sif**  %  X 
Tr-’*'. 


.i3r 


•  « 

•  »«.  fT^’. 

»  •  •  »  f  *  • 


.'i  ■><  ,  ■' 


•  Jf***'?  *<-••••  a«*  ••>^  ••••*!*«•«  ft  2 

*  *"  ••aai*«aa'a»***»»*-a*'»aTrTS 
«aiT»i.  -.«  ,  ivaaavraaaai-*******  - 

ft*  a  «J  -  .  ff.  ^  / 


I  ft  %  -  . 

^9«%ft*«ft  f  • 


t •• • ft  «  •  ft  ft  ft  «  ; 

I# 

>a«  ••*»•<«  .,  *a 

[•■•■**'•»*•*  — -V.  * 

fa ■■»•»»••.  .f -•  ‘...c ...' . 

*»■*,-»  *  r  i  . 

•  f  ft  •  -ft  , . 


f  S**ti»*i 

"t";; 

^->wtaa.ft-ir.,. 
'  ,  *  ■'  ^  ft  ft  »  ir  -r  'ft 

Jftft  ^  i 


SI  maec 


60  msec 


rig.  D-21  SEQUENCE  PHOTOGRAPHS  FOR  DYNAMICALLY  LOADED 

FOOTING,  EXPERIMENT  G36 


*  ••  . 


/ 


Start  of  Experiment  13  maec 


43  m«ec  49  mxec 


62  msec 


82  msec 


End  of  Experiment 


Fig.  D  .22  SEQUENCE  PHOTOGRAPHS  FOR  DYNAMICALLY  LOADED 
VERTICAL  footing,  EXPERIMENT  037  (cont'd) 


D-33 


r  ^  ^  '  "*■  : - - 

( 4  *  •  .  '4  «  ■:  ^ 

>•«•«••■•••«•■• 4«»aa ••••••! 

f»«*  •  f  »  •  tf  •••••«« 


1  '  .  *  '  '•  ■ 

i  "  1 

•\  1 

’1  '  '■ 

«4 

m 

[^•••••••SSSbbbabS* 

EIlJ  ****•■  •*<■******> 


»*«« 

•  •  •  •  4  ■  4 


fi 

I**! 

Ml 

kti 

.  _  „  - _  _  _ _ 

[  t  #t  V  i  f  f  •  f  IP  ^  « If  •  t  •  %  II  fi  •  t  •  % 


Start  of  Evpi'rimffnt 


16  msec 


* 

IT 

*r««ins»»ss 

•  •♦•••••••I 


51  msec 


67  msec 


Fig.  D-23  sequence  PHOTOGRAPHS  FOR  DYNAMICALLY  LOADED  INCLINED 

FOOTING,  EXPERIMENT  G39 


D.34 


ENOiN’EERmO  APPROACH 
by 

K.  E.  McKee 


I 

! 


APPENDIX  E 


ENGINEERING  APPROACH 
by 

K.  E  McKee 


I 

I 

I 


Mathematical  Model 


'ViifjiiACCA uAcii'*.  as  iiAed  refers  to  the 

extension  of  standard  soil  mechanics  approaches  to  explain  the  behavior 
of  footings  subjected  to  dynamic  forces.  The  analysis,  based  on  one- 
sided  behavior  using  a  formulation  similar  to  that  used  by  Anderson'  ' 
was  selected  because  of  its  suitability  for  extension  to  the  dynamic  problem. 
A  history  of  this  development  is  contained  in  the  main  body  of  this  report. 


Figure  E-l  shows  the  model  for  one-sided  failure  of  an 
infinitely  long  footing  as  considered  for  the  dynamic  analysis.  The 
nomenclature  introduced  on  this  figure  is  summarized  below: 

B  fool.ng  width, 
r  -  dcp!;.  of  burial  of  footing, 

F(l)=  iime •  ie pendent  force  per  unit  length, 
a  ovevpressure  on  surface, 
r  a  radius  of  circle  of  failure,  and 
9  a  rotation  of  soil  mass. 


A  complete  nomenclature  for  this  appendix  is  contained  at  the  end  of  the 
appendix.  Assuming  that  the  location  of  the  failure  surfaces  are  known 
(i-  e.  ,  that  r  is  specified)  and  that  the  shear  strength  along  the  failure 
surfaces  can  be  incorporated  in  terms  of  an  equivalent  resisting  force 
acting  at  tic  center  of  t'c  where  in  asnumed  to  be  a 

function  of  the  rotation,  6,  for  the  known  r.  the  dynamic  equation 
can  be  written  as; 


Jd  +  R(0)  =  M(t) 


lEq.  E-l) 


Sup'.’ricrinT  ntin.ibcr'  -'^-vot''  •  fc rc n c "  ‘Tollccted  i^t  the  cml  .>1  ii 

Ap  t'  ' 

AIMOUl  ■■■■AICN  POWHSAfIVM  Of  lillHOIS  INITITUTI  Of  TICHNOIOOY 


E-l 


whore; 


=  rotation  of  soil  mass 


=  angular  acceleration  of  soil  mass 


T  =  rotational  inertia 
I\(d)  --  reSiStliig  iiiOiiiejat  aa  a  fuiictiuii  of  9 

M(t)  =  time -dependent  moments 


The  terms  in  this  equation  can  be  expressed  in  terms  of  figure  K-1 


J  =  0  64397  r^  +  -y  (D^  +  r^)-t- 0.78540  r(-^-  D)^  (Eq.  E-2) 

R(e)  X  (r  -  PJ«)  +  Ve  (o.  lOfrlfp  +  (r  +  D)^  tanlf'j  + 

.  tan^  (Eq.  E-3) 

M(t)  (r  •  ~  ,  P{t)  +  0.  lOeVY^r*  -  (r  +  •  (Eq.  E-4) 


R(e)  .  (r  -  PJ«)  + 


jr^  +  (r  +  D)^  tanlf^ J  + 


(Eq.  E-3) 


(Eq.  E-4) 


+  -X^  (r  - 


where 


tanT  =  1-2.  332 


»an^ 


my 


(Eq.  E-5) 
(Eq.  E-6) 


The  only  new  symbol  used  is  g  for  the  gravitational  constant,  i.  e.  , 

32.  2  ft  per  sec’  or  384  in.  per  sec^.  It  should  be  noted  in  the  above 
development  that  the  influence  of  soil  shear  strength  and  surface  over-  ' 
pressure  are  included  only  by  implication  --  the  values  of  r  and  P,(0) 

•iepend  on  these  parameters.  Within  this  framework,  Equation  E-1.  with  tjie 
subsidiary  equations, mathematically  describes  the  behavior  of  dynamically 
leaded  footings  based  on  incompressible  soil  and  the  assumed  typ^i  of 
one -sided  failure. 

AIMOUI  lltlAtCN  SOVNSATIVN  OS  IlllHOIt  INtTITUTI  Of  TICHNOIOOY 


E.2 


I 


I 

I 

I 


V'alues  foT  Pg(6)  and  r  can  be  obtain^.d  Trom  theoretical 
or  experimental  considerations.  For  certain  soils  and  in  particular  for 
dry  sand,  experiments  indicate  that  the  soil  strength  is  independent  of 
the  strain  ra'e^^  For  this  reason,  one  might  anticipate  that  the  soil 
below  tne  footing  might  behave  in  essentially  the  same  fashion  for  static 
as  for  dynamic  load  <igs.  .As  a  reasonable  theoretical  approach  one  might 
assume  that  the  resistance  is  rigid-plastic  in  form  with  the  plastic 
resistance  ct^ual  to  the  static  bearing  capacity,  P^.  Using  the  failure 
surfaces  indicated  onfi  vre  B  1  and  minimizing  to  establish  the  failure 
surface  associated  with  the  ultimate  load  capacity,  the  following  squ-^tions 
result: 


4  -ir*tan  0^ 
ib  y  tan  0 


1  -t  2  tar.  0 
4  tan  0 


,  1  i  2  tun  0 

']* 


T 

TT 


l^tan 


tan  0 


(2r  +  D)  +  Dp, 


+ 


T*tan  0. 

r) 


(Eq,  E-7) 


and 


r 


(2  -  loo  (J)  *  ***'  0*1)  + 

8  • 

j^l  +  ^  tan  0J  11  1  (1 


+  <1  +  -y)'  (1  +  2  tan  0)| 


D  /  7  X  P  \ 

T5-  +  — ’ 


(Eq.  E-8) 


AtMOUS  lltlAICN  rOUMSATION  Of  IlllNOII  IMSTITUTI  OS  IfCHNOtOOt 


E-3 


Oin 


Equations  E-7  and  E-8,  ui*  course,  can  be  solved  numeri¬ 
cally  fi  r  any  two  parameter?.  Fur  this  analysis,  the  parameter  ordinarily 
fn  a,  ••vculd  L'v  and  r.  The  other  pararrieters,  i,  e.  . 

0,  c,  B,  D  and  would  have  to  be  specified.  Trial -and-error  solutions 
are,  in  general,  necessary.  The  simplest  method  of  solution  requires 
the  assumption  of  a  value  for  r,  which  allows  Equation  E-7  to  be  solved  for 
directly.  The  computed  value  of  along  with  the  assumed  r  are 
used  to  solve  equation  E-8  for  B.  This  procedure  '.s  repeated  until  the 
lesired  value  of  B  is  determined,  and,  hence  the  appropriate  values 
for  and  r  established.  Extrapolation  or  interpolation  can  be  used, 
of  course,  to  find  values  when  nearby  values  are  known. 

The  experimental  results,  shown  on  figures  Z  and  3  of  the 
main  body  are  typical  of  static  test  data.  As  pointed  out  earlier  these 
experiments  verify  the  theiirctica*  v»!ae»  for  the  eltinnate 
Verification  of  the  failure  pattern  by  experiments  is  lens  timple  to 
iscertain  since  it  depends  on  qualitative  data.  Figure  E-2  shows  a 
;hotograp;)  o'  ,  t  sided  failure  surface  for  a  buried  t  g  subjected 
to  aitatir  jo  -Js.  C'  rr.parison  of  this  photograph  with  fig>.. «.  fi-1  would 
indicate  at  least  <  ^  ii.siderable  similarity,  although  it  should  be  emphasized 
fi  rc  E-2  illustrates  static  behavior  while  fij^urr  I'-l  is  licrc  appli.'..i 
to  dynamic  as  well  as  static  behavior. 

Analytic  Solutions 

The  above  development  uses  the  shear  surface  location  (r) 
and  loud  capacity  (P^)  determined  by  the  static  analysis.  It  should  be 
emphasized  however,  that  the  determination  of  the  static  data  should  be 
based  on  the  best  estimate  for  the  soil  properties;  i.  e.  ,  the  properties 
should  be  selected  to  incorporate  the  influence  of  the  variables  involved. 

(This  would  include  effects  such  as  the  rate  of  load  application. )  An 
investigation  of  the  influence  of  the  various  parameters  was  considered 
iiiing  an  exponentially  decaying  forcing  function  of  the  form: 

Pit)  e  P^«'*^*  (Eq.  E-9) 
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It  8houi.d  be  noted  th^f  is  peak  applied  force.  A  graphical  presentation 
of  thit  load-time  curve  is  given  iufivuri*  £-3  for  various  values  of  ^  . 

(EJ-6  E-7) 

The  results  presented  here  are  based  on  earlier  invectigations  by  ARF'  ' 
and  heiii.e  detailed  solutions  are  not  in'.luded. 

Figure  E-4  shows  the  in'luence  of  variations  in  soil 
properties  over  almost  the  entire  ran^e  ol  signiticance  tor  a  tooting  on 
the  surface  of  the  soil.  A  critical  rotation  of  5*  was  arbitrarily  used  in 
preparing  this  curve.  It  is  interdsting  to  note  that,  except  for  the 
limiting  ard  impractical  cases  in  which  the  soil  has  very  little  strength 
(c  -  0,  d  :  5*),  the  peak  force  varies  by  less  than  10%  for  values  of  ^ 
less  than  3.6.  This  observation  is  limited  by  the  form  of  the  forcing 
function,  the  absence  of  pressures  on  the  surrounding  surface,  and  the 
lack  of  burial  of  the  footing. 

Figure  E-S  shows  the  effect  of  varying  the  static  air 
pressure,  p^,  acting  on  the  surface.  Again,  a  critical  rotation  of  S*  was 
arbitrari*/  «ptc'-"'d.  This  variation  was  carried  out  fo-  surface  footings, 
pariicula'  soil  p-ramcters  (indicated  on  Fig.  E-S),  *  selected  failure 
sutiace.  Th,'  s;  itions  ind^.-ate  thal  inertial  effects  are  of  reduced 
significance  au  increases.  For  this  reason,  E-S  js  plnttt-d  as 

p  divided  bv  the  static  ,'''>rce,  p  ,*tssuciated  with  p  s  0.  This  presentation 
avoids  the  retacii'elv  uninteresting  curves  which  wOuld  result  from  applying th: 
form  of  figure  F-4  to  these  cases,  and,  in  addition,  illustrates  the 
significant  contribution  to  the  static  capacity,  P^,  attributable  to  the 
surface  pressure,  p^.  Figure  E-5  can  be  converted  to  the  alternate  form 
by  multiplying  the  ordinates  of  each  curve  by  P 

“  IPq  ■  ° 

The  influence  of  depth  of  burial  is  demonstrated  by  figure  E-6 
Again  a  critical  rotation  of  S*  was  arbitrarily  used.  The  distance  below 
the  surface  has  a  major  influence  on  both  the  static  capacity  and  the 
ip.ertial  effects.  The  figure  was  prepared  lu  demonstrate  the  increase 
in  inertial  effects  with  depth  of  burial  --  these  effects  are  definitely 
significant  even  for  loads  of  relatively  long  duration.  This  can  be  shown 
by  comparing  the  bottom  curve  (D  =  0)  with  ihe  other  curve  when  the 
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radius  ul  the  failure  circle  and  the  soil  properties  are  held  constant.  Care 
should  '  e  taken  in  approximating  other  solutions  from  the  results  oi 
figu”:  E  >,  since,  by  nature  of  the  parameters  which  arc  held  constant 
the  footing  widin  decreases  with  depth  of  burial  (0/B  r  0,  1. 88  and  24.  4). 
However,  the  inertial  effects  as  well  as  the  static  capacity  of  a  specified 
footing  increase  signific.-intly  with  depth  sf  burial. 

The  above  examples  have  been  based  on  assuming  a  strength, 
P(8),  rigid  plaatic  in  form,  having  a  value  equal  to  the  static  bearing 
capacity,  P^.  This  assumption  has  the  advantage  of  reducing  the 
calculation  time  required  to  obtain  a  series  of  solutions,  but  is  in  no 
other  way  necessary.  In  the  course  of  the  research  reported  herein 
solutions  have  been  carried  out  fur  P(8)  based  on  the  static  test  data  and 
modifications  thereof  and  for  els  stir 'plastic  forms  for  such  as  ahown 

in  figure  E  -  7  (with  A  showing  ideal  plastic  behavior  and  B  and  C 
indicating  increasing  and  decreasing  strength  with  rotation,  respectively). 
Approximately  twenty-five  such  solutions  were  carried  out  for  various 
relationshipF  <•.  i .  •  cn  the  footing  capacity  and  displace;  It  should 

he  noted  th  t  the  a-  tumption  is  made  that  the  displaceir,^ - can  be 

considereu  in  terrr.f.  tf  the  rotatior.  or  linear  displacement  with  equal 
ease.  Experimental  results  are  always  in  terms  of  the  linear  dicplaccment. 
Each  solution  re-oitird  in  a  predicted  displacement-time  curve  for  the 
footing  being  considered.  Subsequent  experimental  studies  provided 
displacement-time  data. 

To  compare  the  results  with  these  data,  the  above 
procedure  was  reversed  to  obtain  P(0)  or  p(x)  from  the  experimental  data. 
This  approach,  which  will  be  considered  in  the  following  section,  proved 
much  more  significant  and  provided  more  meaningful  information  than 
comparisons  of  measured  and  predicted  displacements.  For  this  reason 
no  attempt  is  made  herein  to  consider  further  prediction  of  displacements 
based  on  assumed  or  measured  relationships  between  force  and  displace¬ 
ment. 
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Compariaor,  with  ExFer’menta 

Considerable  quant itati\'e  data  was  available  as  a  result  of 
the  contrr!*led  experiments  for  dynamically  loaded  footings.  This  test 
data  provided  a  basis  for  evaluating  the  "engineering  appmach  '  presented 

above.  *^111/  limited  details  regarding  the  experimental  approach  are  pre  • 

—  (£-3  E-4 

sented.  Uetaiied  reports  on  the  experiiiientdl  studies  are  available. '  '  ‘  ’ 

E-S.  E.6) 

Figure  E-8  shows  a  typical  experimental  setup  with  the  ARF 
pneu.-nati'e -hydraulic  loader  in  place  over  a  footing.  Table  E*1  summarized 
experiments  from  which  those  used  for  this  evalui  tion  were  selected.  (It 
should  be  pointed  out  that  a  considerable  number  of  other  experiments  have 
been  conducted  as  part  cf  the  sponsored  research.)  Figures  E-9  and  E-10 
show  typical  sketches  of  the  records  obtained  for  force  and  displacement. 

As  indicated  previously,  the  engineering  approach  is  based 
on  the  assumptlrn  tl-at  the  resistance  to  dynamic  loads  is  similar  to  that 
of  static  loads.  T:  .-  initial  attempts  to  interpret  the  data  were  therefore, 
based  or  th-  assu.iption.  By  using  the  measured  dyn>  force-time 
curve  and  lat. ::  istar.c.;  e  irv.'.'.,  it  is  relatively  aimpie  to  calculate 

the  displaocini-r.r-tii  .e  history  which  would  be  predicted  by  the  analysis. 

This  analytical  rcsu.lt  could  then  be  compared  directly  with  the  measured 
displacement-tir.ie  history.  These  considerations  dictated  the  selection 
of  the  displacement  as  one  of  the  quantities  to  be  measured. 

The  first  attempts  to  analyze  the  data  obtained  from  the 
d  >mically  loaded  three-dimensional  footing  were  baued  on  this  approach. 
There  is  little  merit  in  reciting  the  *ype  of  alteration  considered  to  make  the 
static  resistance-displacement  curve  suitable.  It  is  sufficient  to  say  that 
there  was  no  reasonable  modification  which  resulted  in  calculated 
displacement-times  verifying  those  recorded  in  the  laboratory.  At  this 
stage,  it  became  obvious  that  the  resistance-displacement  relationship 
for  dynamic  loads  bore  little  resemblance  to  that  for  static  loads  and 
the  assumption  that  these  curves  would  be  related  to  each  other  in  some 
relatively  simple  way  was  shown  to  be  wrong.  The  analytical  approach 
was  revised  and  the  data  evaluated  in  a  different  fashion. 
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This  evaluation  used  the  measured  force-time  and  displace  - 
mcnt-t  me  records  to  determine  the  associated  resistance-displacement 
relationship.  Carrying  tnrougn  this  procedure  raqu: r-.-a  determination  of 
the  acceleration-time  history  from  the  displacement-time  records.  Because 
of  the  i  -nsitive  nature  of  this  determination,  the  analysts  Y^^viewed  with 
c on s idc  « r.hlc  t,cpidation.  Suh  Sequent  expel iiiieutal  stuuiee  iiiakiiig 
use  of  four  acccierometc  r*  placed  on  the  corners  of  the  footing  provided 
Oata  justifying  the  earlier  use  of  the  measured  displacement -time. 

Consider  a  linearised  equation  of  motion  for  the  footings  ol 

R(>i)  s  P(t)  (  Eq.  E-10) 

equivalent  masa, 
vertical  displacement, 

.  dt  ■-  vertical  acceleration, 
re  .V. stance  as  a  funt  tion  of  vertiral  disp  inent, 
aup;  cd  vertical  force  as  a  function  of  time. 

Note  that  Bq-.i*'".'  £-)•’  .-ifumcsa  constant  mass,  a  rc-siotance 
which  IS  dependent  only  on  the  (lisplacement,  and  a  force  which  is 
function  only  of  time.  From  the  measured  results  the  experiments  provide 
P(t)  directly  and  x  as  a  function  of  time.  Assuming  that  the  mass,  m, 
can  be  determined.  Equation  E-10  can  be  solved  lor  R(x)  using  the  accelo ration 
determined  from  the  x(t)  data. 

R(x)  -  P(t',  -  mx  (Eq.  E-11) 

This  equation  shows  that  at  each  instant  the  resistance,  R(x), 
depends  on  the  applied  force,  the  mass,  and  the  acceleration. 


the  form: 

mic  f 

where 

■•n  ^ 

x  - 

ii 

R(>  = 

PI.,  ^ 
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In  the  first  attempt  to  apply  this  approach,  four  experi¬ 
ment- ,  PZ7,  P28,  P29  and  P30  were  considered  in  detail.  These  records 
were  selected  since  they  were  similar  in  nature  and  had  alt  produced 
substantial  displacements.  The  records  of  these  four  experiments  were 
ana'vaed  utilising  the  accelerations  computed  from  the  displacement 
curves,  C-lt  shows  |M>iut»  ubUined  from  these  analyses.  The 

static  R(x)  curve,  the  average  of  the  three  static  experiments  shown  infig> 
r  -e  3  of  the  main  body  is  reproduced  on  figure  E-11  through  E-15  for 
comparison  with  the  dynamic  results.  The  fact  that  the  points  on  the 
R(x)  curves  for  these  four  experiments  are  so  well  grouped  was 
encouraging  •  a  single  curve  can  reasonably  be  drawn  through  the  points. 
On  the  other  hand,  the  variations  of  the  points  from  a  single  experiment 
is  indicative  of  inconsistencies  introduced  by  the  method  used  in  deter¬ 
mining  acceleration. 

This  procedure  was  subsequently  carried  out  for  eighteen 
experiments  for  wnich  both  the  displacement  and  force  d-'.ta  appeared 
sattsfartur'  -ie  E-2  indicates  the  experiments  cc-  ired.  Table 

E-3  rho'*'  an  rxu  nple  (for  Exp.  P32)  of  calculations  maoe.  In  this 
example,  '.-me  Intervals  were  selected  and  values  for  displace¬ 

ment  and  force  were  read  from  the  records  at  that  interval.  The  mass, 
m.  used  was  0.  0223  Ib-sf  c^/in.  based  on  the  mass  of  the  footing  added 
to  the  soil  in  a  half  cylinder  having  radius  and  lengths  equal  to  the  footing 
dimensions.  This  relatively  arbitrary  determination  of  the  mass  was  in¬ 
vestigated  by  considering  possible  variations  -  for  all  practical  purposes, 
the  inertial  term  is  negligible  over  the  range  of  possible  values. 

Figures  E-11  to  E-15  show  the  resistance-displacement 
curves  computed  in  thts  fashion.  The  average  static  resistance -displace- 
ment  is  redrawn  on  each  of  these  figures.  The  arrangement  of  the 

9 

experiments  on  each  of  the  five  figures  (E-11  to  E-15)  merely  attempts 
to  collect  those  having  approximately  the  same  values  of  the  resistance. 
Observe  that  there  is  little  resemblance  between  the  static  and  dynamic 
carves  and,  more  significantly,  between  the  curves  computed  based  on  the 
dynamic  expeTim#i.te.  ThiJ  contrasts  with  the  unifoimity  demonstrated 
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by  the  vcsalts  plotted  for  static  tests  on  fi.’ure  )  of  the  main  body. 

While  much  could  be  written  regarding  these  calculated 
resistance -displacement  curves  and  their  meaning,  *♦  >s  sufficient  to 
say  that  they  demonstrate  the  inappr  opr  lateness  of  using  the  static 
resic'anre,  directly  or  with  simple  modifications  for  a  general  dynamic 
load.  The  forces  for  the  series  of  dynamic  evperiments  Considered  in 
detail  above  had  rise  times  of  two  or  three  milliseconds  For  sufficiently 
large  rise  times,  the  behavior  is  explained  by  the  “engineering  approach", 
since  this  is  equivalent  to  the  classical  static  analysis  of  soil  mechanics. 

A  complete  understanding  of  dynamic  behavior  must  then 
depend  on  an  improved  understanding  of  the  behavior  of  footings  subjected 
to  rapidly  applied  dynamic  loads.  As  a  result  of  these  evaluations  of  the 
“engineering  approach",  one  limitation  certainly  arises  due  to  the 
assumption  of  a  rigid  soil  mass.  The  following  Appendix  considers  an 
approach  taking  int<>  account  the  compressibility  of  the  soil  beneath 
the  footing. 
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DYNAMIC  EXPERIMENTS  ON  4- IN.  SQUARE  FOOTINGS 


*  Experiment!  P12  to  P23  on  30>in.  diametsr  plates  a. a  not  of  interest 
here.  The  records  of  P26  were  spoiled  and  data  ie  not  available. 


aiaeut  iisraieN  rewNeaTiON  os  liiiNeii  iNitirurt  of  ticmnoioot 


E-12 


Table  E-3 


SAMPLE  CALCULATIONS 
EXPERIMENT  P32 


Time 

msec) 

1  Force,  f 
(lb) 

Oisp. ,  X 
(in) 

■  ■  .4 

(in.  p^r  ax) 

X  ^ 

fin,  per  acc^) 

X  1.  n  -S  j 
in.  per  sac  ^  (lb)  ‘ 

F=-J= — 

L 

0 

0 

0 

0.00232 

5 

72.53 

0.0116 

0.00174 

■a  0001 16 

-116 

-2.587 

75. 17 

10 

101 

0.0203 

0.00234 

lO.  000120 

ft  20 

+2. 676 

98.32 

15 

83.80 

0.0320 

0.0034S 

40.000228 

+228 

+5. 084 

78.72 

20 

98.76 

0.0494 

0.00174 

.0.000348 

-348 

-7. 760 

106.52 

25 

86.04 

0.0581 

0.00468 

10.000463 

+468 

+ 10. 43. 

75.60 

30 

87.54 

0.0785 

0.00290 

-0.000236 

-236 

-5.  263 

92.85 

35 

94.27 

0.0930 

0.00232 

-0.000116 

-116 

-2  *87 

96.86 

40 

32.  > 

J046 

O.OC234 

•iO.  000004 

+  4 

9 

82.  21 

4» 

81. ..5 

i  i »  3 

0.00232 

.0.000004 

-  4 

-0. 089 

84.  64 

50 

87.55 

0. 1279 

O.OOOaS 

-0.000348 

-348 

-V.  760 

95.31 

55 

74.82 

0.1308 

0.00174 

+  0.000232 

+232 

+5.174 

69.6; 

60 

80.06 

0.1395 

0.00176 

40.000004 

+  4 

0.089 

79. 97 

65. 

84.55 

0.1483 

-0.000352 

-352 

-7.850 

92. 40 

70 

74.82 

0. 1483 

0 

0 

0 

74.82 

75 

56.86 

0. 1483 

-0.00176 

-0.000352 

-352 

-7.850 

64.71 

SO 

85 

11.22 

0 

0.1395 

0.0785 

-0.01220 

0 

-C.  002088 

2088 

46*  562 

57.78 
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Fig.  E-3  LOAD-TIME  HISTORIES 


INFLUENCE  OF  SOIE  PARAMETERS  FOR  SURFACE  FOOTINGS 


2000  psf,  D  =  0  ft) 


INFLUENCE  OF  DEPTH  OF  BURIAL  FOR  CONSTANT 
(r  =  7ft,  V  =  25*.  c  =  2000  psf) 


Rotation,  O 


/ 

f 

Fig.  E  -7  IDEALIZED  ELASTIC-F-LASTIC  FORMS  FOR  P(e) 
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ANCSS  FOR  EXPERIMENTS  P7.  PIP,  P39.  P40, 
»43.  AND  P44 


*'»g-  E-15  resistances  for  EXPERTMENTS  Pi  I.  P31.  AND  P38 


APPENDIX  F 

^ ’^FECT  or  SOIL  COMPRESSIBILITY 
by 

K  E  McKee 


APPENDIX  F 


EFFECT  OF  SOIL  COMPRESSIBILITY 

by 

K.  E.  McKee 

BACKGROUND 

As  a  result  of  soil  compressibility,  stress  waves  are  generated  in 
the  soil  below  a  footing  loaded  by  a  time -dependent  force  .  An  idealization 
of  this  situation  would  be  the  stress  waves  associated  with  loading  a  pre¬ 
scribed  area  on  the  surface  of  a  half  apace.  The  only  major  limitation  of 
soil  properties  is  that  they  should  be  suitable  for  conducting  an  analysis 
and,  of  course,  be  related  to  those  expected  for  the  experimental  condition. 
In  general,  the  major  restriction  is  that  the  soil  properties  should  depend 
only  on  depth  and  be  uniform  at  each  depth. 

Since  any  approach  to  this  problem  represents  >  stress  wave  propa- 
gaticn,  t''i3  anpi;ndix  makes  use  of  literature  relatir-  stress  wave 
prcpagc  lon.  In  particular,  for  the  materials  of  interest  herein,  i.e.,  soils, 
and  for  the  loauirg  of  interest,  i.  e. ,  a  dynamic  pressure  applied  to  a  portion 
of  the  surface  o<  a  cemi-infinite  body;  the  need  for  idealizations  and  simpli¬ 
fications  beco.-nes  apparent.  Before  considering  the  specific  apolications 
which  are  the  subject  of  this  appendix,  stress-wave  propagation  must  be 
considered  generally.  A  thorough  review  of  stress-wave  propagation  with 
the  entire  development  and  all  of  the  ramifications  would  represent  a  maj  >r 
effort.  For  the  purposes  of  this  report,  the  attempt  will  be  made  to  review 
the  state -of-knowledge  in  broad  terms  with  particular  emphasis  on  those 
aspects  which  will  subsequently  be  used. 

Interest  in  and  theoretical  solutions  for  stress  propagation  problems 
are  far  from  new.  Starting  in  the  nineteenth  century,  classical  mechanics 
included  studies  into  this  tccluiica!  area.  This  interest  was  generated 
primarily  by  the  seismologists  and  earthquake  data  supplied  the  bulk 
of  the  available  experimental  evidence.  Over-all  consideration  of  these 
approaches  is  available  from  a  number  of  standard  references  on  elasticity. 
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e.  fl. ,  Love'  ,  and  from  a  large  number  of  books  on  seismology; 

-  „  (F-2)  .  ,iF-3)  ..  .  (F.4)  (F.5) 

e.  g. .  1  ullen  ,  Ewing,  et  al  ,  maccnivane  ,  or  mcmer' 

Without  »n  any  way  r....--. ;  .  .gtu  go  over  what  was  Honu  in  detail,  certain 

general  observations  may  be  of  interest.  The  range  of  problems  which  were 

consi'ic'ed  is,  in  retrospect,  astonishing.  These  solutions  were  far  from 

inrJusive  in  generil,  represented  these  cases  which  could  bo  solved 

conveniently.  The  analyses  were  also  based  on  simplifying  assumptions 

which,  in  general,  were  not  investigated  to  any  major  degree.  Finally, 

the  experimental  data,  primarily  related  to  earthquake  observations, 

were  suitable  only  for  evaluation  and  points  a  long  distance  from  the 

source  of  the  disturbance.  This  source  of  experimental  data  and  the 

lack  of  knowledge  relating  to  the  material  properties  limited  verification 

for  the  assuiiipticns  and  as  a  result  the  theories  were  to  some  extent  not 

much  .nore  than  '.n  approximation  suitable  for  large  distanc.  s  from  the 

source. 


Within  thr  past  two  decades,  there  has  been  substantial  research, 

both  theoreti  ai  ,  experimental,  relating  to  stress  v.  propagation. 

*5-6'  (F-?)  (F-8) 

Davids*  '  Keisi''-'  and  Rinehart'  ,  have  summarized  much  of 

this  work  although  c  irtain  aspects  are  available  only  in  the  recent  tech* 

nical  literature,  in  the  following  paragraphs,  areas  of  specific  technical 

interest  will  be  considered. 


The  elemer-tary  theory  applies  for  an  elastic  half-space  loaded 
over  its  entire  surface  or  a  bar  loaded  uniformly  with  plane  cross  sections 
remaining  plane  and  only  axial  stresses.  This  formula  results  in  the 
standard  wave  equation,  i.e. ; 


and 


V  = 

o 


I 


(Eq.  F-1) 


(Eq.  F-2) 


*  Superscript  numbers  in  parentheses  cite  references  collected 
at  the  end  of  tliis  appendix. 
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or  9’.tn''laT  »-qua*.'.'.n9  f'  t  attain  c»  patVlcle  vcity^ity.  The  general  wave 
eq<j:a*'on  arising  in  ccnr.ectinn  with  many  physical  systems  and  mathematical 
tc'ls  ‘  renerally  using  Fv;urier  expansions)  are  availahlc  for  obtaining  solutions,  ' 
e.  g. ,  see  One  nf  the  mere  sign££<:ant  observations  resulting  from 

this  approach  is  that  a  scress  wave  is  transiriitted  srithout  change  through  the 
sp£.cim(n. 

An  excellent  discussion  of  the  the'retical  limitation  of  the  elementary 
theory  for  elastic  stress  waves  has  bt-en  presented  by  Abramson^®*" 

Abramson  summarizes  the  mere  exact  theories  that  have  been  considered,  along 
with  the  results.  The  vc-.r'cus  theories  are  compared  with  each  other  and  with 
the  available  data.  Because  of  numerical  con^lications,  solutions  based  on  the 
exact  theories  are  rare.  (Use  of  high  speed  digital  computers  is  expected  to 
improve  this  situation.)  Experimental  research  along  with  refined  approximation 
sclutions  are,  however,  sufficient  for  a  basic  nnderstandirg  of  the  phenomena. 

Stress  prepagation  through  materials  having  nonlinear  stress-strain 
characteri«t’cs  is  of  particular  interest  for  this  study.  Donnell^^"^^^  formu¬ 
lated  in  19  j  ti-  !  oasis  for  the  theory  of  plastic  stres  ves.  During  World 

W«i  11  s  fc  rri'-  lation  was  used  independently  by  tht  uvestigators  in  three 

countries  to  jnves'igate  plas’ic  stress  waves  —  Rakhmatviin^®””^^^  in  the 
USSR.  Tayl..  t<F‘*^‘  in  the  UK  and  von  KrrmTnt^-*^' 

in  the  USA.  Since  that  time  there  have  been  many  studies,  both  theoretical 
and  experimcrtal,  in  th's  general  area.  Of  particular  significance  was  the 
introduction  of  strain-rate  effects  by  Malvern-* F-20)^  Recent  papers 
by  Abramson^^"^®^  and  Lee^^"^^^  summarize  tiie  status  of  this  subject.  To 
demonstrate  the  basic  problem,  the  Donnell  formulation  is  sho-wn  in  figures 
F-1  and  F-2. 

Figure  F-1  shews  an  idealized  linear  stress-strain  relationship  with 
an  initial  slope  of  E^  and  subsequent  slope  of  associated  with  stresses 

greatei  than  (T  j.  If  a  stress,  eq’ial  to  or  less  than  is  applied,  a  stress 

wave  would  be  propagated  with  a  velocitv  ofi  — -g —  as  would  be  expected  for 

V  f 

an  elastic  stress  wave.  For  a  stress.  O'  ,  greater  than  (T^  there  would  be 
two  distinct  stress  waves  propagated  from  the  sources  as  shown  in  figure  F-2 , 
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The  hr?';  wave  having  a  9' 
second  having  a  sire??  cf 


/ 

■ess  of  <r,  33  prvipagaled  at  / — while  th" 

/“eT^  ^ 


propagates  at 


As  shown  in  iig  iii 


y-2 


this  resvlti  in  a  spread  between  the  two  fronts  which  wiil  increase  with  time. 
This  approach  ts  obviously  suitable  for  any  material  which  has  a  slope  de¬ 
creasing  II'  any  fashion  with  increased  stress.  Fcr  unloading,  many  materials 


follow  the  initial  slope,  in  which  rase  the  unloading  portionr  would  be  expected 

/  ’ 

to  travel  with  a  velocity  of  / — — - .  D’lnnrll's  formulation  explains  changes 

V  f' 

in  the  wave  shape  and  s.:bsequent  cbl.te. ration  of  all  portions  traveling  at 
less  than  the  initial  velocity  through  the  catching  up  of  the  unloading  portions. 
Donnell's  formulation,  which  took  less  than  cne  page  in  Applied  Mechanics 
in  1930,  represents  the  basis  fcr  mcs*.  studies  of  plastic  stress  waves. 

There  is  one  limitation  In  the  above  which  was  not  specifically  mentioned 
by  Donnell  --  this  formjlation  \s  limited  ti  stress-strain  cur\  ss  where  E2 


is  less  than  Ej.  A  concave  stress-strain  r.^rve  can  not  be  handled  in  this 
fashion.  Th»-  riitT.:i"n;ng  >,f  the  second  wave  world  be  physically  unacceptable. 
Figure  F  -3  s'  .>ws  u.e  slt.iat-.-n  being  considered.  For  s  les  equal  to  or 
less  th.,in  'i  'h-  s‘:  sscs  wculd  be  propagated  with  the  init.al  velocity 


FT 

i  M  •  ■  ror  stress  levels  high*  r  than  (V^  the  standard  approach,  e.g. ,  see 

White  and  Griffis-^*^^'*  er  Salvadcri,  Skalak,  and  Weidlinger^^"^^’ 
uses  the  secant  modulus,  as  shewn  on  tl,  -  .  r-3,  to  establish  the  velocity 
of  the  stress  fr^nt.  ’ 


The  concept  of  a  "locking  material"  has  been  adopted  into  »  number 


of  studies  of  plastic  stress  wave  propagation.  "Ideal  locking  nnaterials"  were 
(F~Z5  F«*Z6) 

introduced  by  Prager*  "  'as  an  idealization  for  certain  classes  of 


materials.  In  mucii  the  same  fashion  as  stress-strain  relationships  are 
considered  an  ideally  plastic  (i. e.,  the  stress  remains  constant  with  an 
increase  in  strain),  Prager  c:  nsiders  the  relational.ip  to  be  ideal  locking 
v/ith  stress  increasing  with  nc  increase  in  strain.  Figure  F-4  shows 
several  of  the  idealizations  which  have  been  used  for  locking  materials 


and  obviously  -ethers  crrld  be  considered.  Salvadori,'  Skalak  and  Weid- 

(F-23,F-24,F-27,F-28,F-29).  ....  .  ... 

linger  have  useo  locxing  materials  in  con¬ 

sidering  stress -wave  propagaticn  in  sell  media.  To  a  large  extent,  the 
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•ubs»qurnt  development  repreaents  applicatMos  and  extensions  of  these 

Stildli  8.  . 

MATHEMATICAL  FOR.V1ULATION 

The  concept  of  a  'locking  material'  «as  selected  to  investigate 
the  influence  of  soil  compressibility  on  the  hduvior  of  dynamically 
leaded  footings.  As  a  reasonable  represeidation  for  the  footing  problem, 
certain  simplifications  were  introduced: 

1.  The  affected  soil  volume  is  symssetrical  about 
the  vertical  axis. 

2.  The  soil  is  infinite  in  depth. 

3.  The  problem  can  be  reduced  to  one  dimension 

i.  e. ,  expressed  in  terms  of  the  vertical  dimensions. 

4.  The  soil  properties  are  constant  at  each  depth 

ahhough  they  can  vary  with  depA. 


5.  Lateral  effects,  e.  g. ,  inertia  asd  die  effect  of 
.  a'. :  '*nt  coil  IS  negligible. 

Soil  properties  can  be  Idealised  In  terms  w  iJeal 
media. 

Within  these  assumptions  there  are  enUmited  specific  formulations 
which  could  be  carried  out.  As  a  first  attenqit  a  rigid-plastic  locking 
material  was  assumed  (see  Fig.  F-S)  for  a  column  of  soil  extending 
vertically  below  the  footing.  Figure  F-6  shows  this  column  at  time  t 
and  a  short  time  later  at  t  't  ^  t  based  on  the  material  properties 
illustrated  in  figure  F-5.  The  nomenclature  introduced  for  figures 
F-5  and  F-b  includes: 

p(t)  - 

x(t)  * 

X  = 

\ 


pressure  time  history  acting  on  column  of 
soil  below  footing 

displacement  of  footing  as  a  fimetion  of  time 
dx 

=  velocity  of  footing 

d^x 

—m — =  acceleration  of  footing 
dt* 
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z(t)  =  vertical  location  of  compaction  front 
%  =  =  velocity  of  compaction  front 

~  atrain  associated  with  locking 

-  mass  density  associated  with  locking 

-  initial  :>iass  density 

-  plastic  stress 

Conside  ring  an  element  having  a  total  depth  of  I  ,  the  momentum  at 
t  +  dt,  is: 


“t  ■  fc  (•**^>  -  [‘  *’■-'0  (E,  ,..5, 

At  time,  t  ,  the  t  lomentum  would  be: 

^  .c  ^  *o  (Eq.  F.4) 

AppVlcatioi  of  Nv»’.t..r.*s  law  git-es: 

•  "o  "  it"o  -J-  -  (Eq-  r.5> 

Substitution  of  equations  F-3  and  F*4  in  er, nation  F-5  gives: 

p(t)  -  or^  -  r*  .  *1  +  p^  [i  -it;  *  ”  ^  (Eq.  F -6) 

The  conservation  of  mass  gives:  ^  "  ff.  (^  ”  (Eq.  F->) 

which  substituted  in  equation  F-h  gives; 


(Eq.  F.4) 


(Eq.  r-5> 


(Eq.  F-i) 


Pit)  -  a 


Z.xxt  s-ic)x-k 


(Eq.  F-8) 


Under  normal  circumstances,  where  tfie  initial  velocity  is  aero,  i.e..  ic^  s  0 


p(t)  -  <r 

— fT^' 


(Eq.  F-9) 
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■v 


(Eq.  F.IO) 


BAS«d  on  eqtiation  F-7,  s  can  be  expressed  ia  terms  of  x  : 
1 


z  = 


X  *  C 


1  . 


where  the  constant  c  =  0  since  when  t  »  0.  and  x  s  0.  and  x  ^  0.  Substituting 
1 


S  s 


X  into  equation  F«9  . 


1  - 


‘ {-h 


(Eq.  F.ll) 


fc  j 


wi*^h  the  initial  conditions 
X  (0)  ::  0 
X  (0)  =  0 

Since  th*.'  .  u.-  n  can  be  reduced  to  a  linear  equation  -  substituting 

u  =  XX  ,  it  Co.r  l«  solved  in  closed  form  as: 


x(t) 


=  /z{-i - i^)  I  r  (p(/)  -  a^Jdlrdr  (Eq. 

V  Jo  Jo 


F.12) 


Since  the  stre8s>ctrain  relationship  allows  no  recovery  this  solution  is 

meaningful  only  so  long  as  : 

-t 


j[p  (D  -  <tJ  dr  a  0 


(Eq.  r-la) 


By  considering  a  rigid  mass  at  the  top  of  the  eoli  column  as 
shown  on  figure  F-7.  the  effect  of  the  mass  of  the  footing  can  be  introductic 
into  the  analysis.  Following  the  sante  approach  used  without  the  rigid  mss^t 
the  results  are 


p(t)  -  *»  f  ^ 


fc 


X  -t-  (s  -  X)  X  ♦  (fc  -  ic 


(Eq.  F-14) 


u 


F-7 


SiH'.c  fvqviation  F-tO  is  again  applicable  this  can  be  reduced  to: 


P^>>  -  "o  _  M[r  „  ^  fp 
F  c  Fc  Fq  .  Fa 


X  X  i 


fc-f’o 

Here  again  a  general  solution  can  be  found  as  by  substituting  u 


(Eq.  F-IS) 

-  X  (x  f  k)  as: 


In  an  attenapt  to  introduce  more  realistic  soil  characteristics, 
it  is  desirable  to  consider  possible  variations  of  the  yield  stress  with 
dipth.  If  is  the  value  at  the  surface,  one  can  ^stulate  9^  *  f(x)  where 

f  is  an  arM'.  /  f  notion  representing  the  variation  beV  the  surface.  -  The 
resulting  e  aation  .vould  be: 

p(t)  -  O'  h  P  tt  \ 

- S  +  (»  .  X)  S  +  (£  .  i)  X  V  .(Eq.  F-17) 

•  c  » c  r  c 

la  general,  equation  F>7  might  also  be  modified  so  that  at  least  would  be 
a  function  of  depth,  i.e. ,  <*)  a  »  (k  -  *)  (Eq,  F-18) 

Equation  £-18  can  he  solved  for  x  as  a  function  of  z  and  subsequently 
E. 17  solved  for  a(t).  This  type  of  solution  is 
relatively  comple>*  to  perform  (it  requires  approximately  8  hours  of  cal¬ 
culations  using  a  desk  calculator)  but  offers  no  other  difficulty.  Closed 
form  solutions  do  not  zppezr  to  be  available  when  either  the  plastic 
strength  or  initial  density  are  functions  of  depth.  Based  on  this  latter 
observation,  it  should  be  noted  that  relatively  complex  variations  with 
depth  offer  essentially  the  same  mathematical  complexity,  as  a  simple 
relationship.  It  should  also  be  noted  that  with  the  high  speed  digital 
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computer*,  a  numerical  eolution  may  be  euperior  even  when  a  cloeed  form 
solut  an  exiete. 


To  this  point  on.’y  a  uniform  column  of  sant*.  Oelour  the  footing  hae 
been  coneidered.  An  ubviou*  *lterniile  would  be  a  colunui  of  toil  increasing 
in  size  with  depth.  Considering  the  instance  where  the  soil  properties  are 
independent  of  depth  and  there  is  no  rigid  mass,  the  initial  development  was 
based  on  a  linear  increase  of  a^ea  with  depth.  Figure  F-8  shows  the  irustrum 
of  pyramid  which  was  considered.  In  essence,  the  development  follows 
that  used  for  the  uniform  column.  The  resulting  equation  in  terms  of  the 
footing  displacenietii  is; 

p{’.)  -  a  =  C,  o  X 
o  1  o 


+  (1  f  -^x)(xx  h  x^)  (Eq.  F.19) 


where 


1 

TC—  V  -P 

O  f  C  fo  . 


andg 


fc  Fo 
"Fc^O 


Even  for  this  ltncari.:ed  formulation,  numerical  solutions  are  required. 

Here  a,>au  .ar  >  .3on  tti  column  dimensions  or  soil  p*  *ties  with  depth 
could  Ik  nec rp.' rated  Alsu,  a  rigid  mass  could  be  ...  .idered  to  be 
located  «r.  pin  c  the  footing. 

Other  f.irmutations  depend  on  the  form  assumed  for  the  stress>strain 
relationships.  Certain  others  were  considered,  e.  k.  .  elastic  locking 
material,  but  for  the  purposee  of  this  study,  attention  is  limited  to  the  rigid - 
plastic  locking  materials.  This  is  done  for  several  reasons;  first,  this 
relationship  resembles  those  determined  for  soil;  second,  mathematical 
simplifications  are  available;  and,  finally,  the  experimental  data  is  in* 
sufficient  to  justify  an  improved  design.  Here  again  high  speed  computers 
can  simplify  the  requirements  to  obtain  a  satisfactory  solution  for  more 
complex  stress-strain  relationships.  ' 

A  number  of  solutions  have  been  carried  out  based  on  the  formulations 
coneidered  above.  In  the  following  paragraphs,  these  results  will  be  con¬ 
sidered  and  compared  with  available  experimental  results.  The  attempt  here 
then  is  to  establish  the  significance  of  the  differences  between  the  various 
assumptions. 
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F-9 


i. 


X 


The  dimensionless  displacement  versus  dimensionless  time  is 
show  1  on  figure  F-10.  This  plot  shows  the  behavior  which  would  be 
anticipated,  Sx^»  *  linear  behavior  during  the  period  of  load  application 
with  the  maximum  displacement  occurring  later  depending  on  the  ratio  of 
p^/<r^  .  This  particular  solution  represents  a  gross  simplification  of  the 


actual  situation.  Not  only  is  the  soil  idealised  as  a  column  of  uniform 
soil  below  the  footing,  but  the  load  is  idealised  as  a  step  pulse;  interest¬ 
ingly,  the  results  bear  marked  similiarities  to  the  experimental  results. 
Figures  E-9  and  E-10  show  typical  displacement-time  curves  obtained 
as  part  of  the  earlier  experimental  research  conducted  on  this  program' 
Improved  experimental  techniques  for  the  more  recent  experimental 
studies  (see  Appendix  C)  have  verified  the  general  shape  of  the  displace¬ 
ment-time  histories,  by  use  of  a  more  sensitive  TjVDT  (linear  variable 
differe.itial  transformer)  for  the  small  displacements  and  accelerometers 
to  serve  as  backup  on  the  results.  Unfortunately,  these  latter  data  were 
obtained  only  recent  y  and  have  not  yet  been  subjected  to  detailed  analysis. 
For  this  reason,  more  of  the  detailed  evaluation  whi  .ve  been  made 
are  car  .ed  ou*:  Adth  the  earlier  data. 


( F-30) 


General  c.  mparison  of  the  experimental  results  -ivlth  the  dimension¬ 
less  plot  of  figure  F-10  is  particularly  infomtative.  Initially,  there  is 
some  hesitancy.  Hut  basically  the  initial  behavior  is  very  nearl'.*  linear. 
Later  experimental  behavior  varies  significantly  with  the  velocity  increase 
instead  of  decreasing  as  shown  on  figure  F-10.  The  more  complex 
analytical  approaches  which  are  subsequently  considered  arc  justified 
to  the  extent  that  they  provide  a  better  method  of  predicting  the  observed 
behavior. 


The  most  apparent  factor  to  be  considered  would  be  the  time 
history  of  the  loading.  If  interest  is  restricted  to  the  shape  of  the 
resulting  displacement  curve  this  can  be  done  in  terms  of: 
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(p  ( ir )  -  er^)  d)  “ 


(Eq.  F-26) 


for  varjou*  values  of  <r^  .  This  was  dons  for  Experiment  P27  and  the 

results  are  plotted  on  figure  F-11.  It  should  be  noted  that  no  attempt  is 
made  in  this  presentation  to  calculate  the  actual  displacement.  For  sub¬ 
sequent  calculations  relatively  arbitrary  values  have  been  selected,  i.e., 

=  0.0683  lb  per  cu  ai.  aid  ^  =  0.0625  lb  pur  cu  fti.The  divisor  for 

the  displacement  based  on  these  values  would  be 

.  ,.,1 

The  maximum  displacements  are  plotted  on  figure  F-12  as  a  function  of  <X^. 

The  experimentally  determined  maximum  displacement  for  Experiment  P27 
is  approxinia*  ly  .  1  in.  which  would  correspond  to  pproximately 

1. 2  psi .  lis  val  i'l  of  is  unrealistically  low  indicak.>.g  a  need  for 
further  evaiuatlcr:  oi  'he  parameters.  The  time -histories  of  figure  F-11 
can  be  compared  with  figure  E-10  keeping  in  mind  that  figure  F-11  uses  a 
dimensionless  displacement.  The  initial  velocity  based  on  the  theoretical 
approach  is  less  than  the  obser\'ed  data  for  the  values  of  plotted  - 
a  much  lower  value  of  would  be  required  to  justify  this  rate.  Unfor¬ 
tunately  lower  values  of  cr^  are  associated  with  maximums  occurring  at 
later  times.  These  results  are  therefore  mutually  contradictory  with 
the  initial  velocity  indicating  a  lower  value  of  ,  ‘and  the  time  of 
maximum  indicating  a  higher  value  ol  o'^. 

For  the  experimental  setup  the  force-time  history  is  measured 
above  the  footing.  The  aluminum  block  used  for  the  footing  therefore  is 
a  rigid  mass.  The  influence  of  this  rigid  mass  can  be  introduced  based 
on  equation  F-16.  These  considerations  alter  the  time-history  of  the 
re&p>onse  -  they  tend  to  account  for  the  initially  slow  response  and  reduce 
the  displacement  at  each  time,  assuming  all  of  tlie  soil  paraniote>-fi  and 
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remain  the  same.  Limited  analyses  taking  into  accoiuit  the  rigid 
mass  has  been  conducted.  For  the  particular  parameters  selected,  the 
mass  i''troduced  only  snnall  variations  in  the  results  For  this  reason, 
these  results  have  not  been  included,  although  this  should  not  be  inter¬ 
preted  an  eliminating  'cnsicle ration  of  the  rigid  mass.  On  the  contrary, 
this  factor  should  be  considered  in  future  attempts  to  improve  the 
analyses. 

For  realistic  conditions  one  anticipates  variations  of  soil 
properties  with  depth.  Equations  F-i7  and  F-18  provide  a  method  for 
introducing  variations  in  plastic  stress  and  initial  density  with  depth. 
These  variations  with  depth  can  be  introduced  in  as  general  a  fashion  as 
desired.  As  an  example  of  the  influence  of  such  variations  a  seri(:8  of 
solutions  were  carried  out  for  a  situation  where  the  plastic  strength 
varied  linearly  with  depth  and  the  initial  density  is  independent  of  depth. 
For  convenience,  the  stress  was  expressed  as: 

/’o 
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I-  ax 


(Eq.  F.27) 


\vhere  "a"  .s  a  co*i«fant.  A«  was  mentioned  earlier. 


oil.  in.  and 

c 


'.'  06153  Ih  p.-j  .'VI  in.  were  used,  thus 
The  resulting  equation  is: 
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0.  0625  lb  per 
(1  -  =  0.085, 
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(Eq.  F.2M 

Solution  of  this  equation  must  be  numerical  in  nature  -th.}  Ranga-Kutta 
method  was  used.  Figuie  F-13  shows  four  plots  for  -  1.25  psi 

with  a  -  0.25.  I  ,  10  0  u  (.>.  C,>. ...  0.065,  and  8.  5  psi  per 

respectively).  Figure  F-13,  which  illustrates  the  variation  for  a 
relatively  arbitrary  set  of  parameters,  is  typical.  Obviously  the  key 
parameter  is  9^  .  The  value  selected  was  based  on  the  extrapolation 

from  figure  F-I2. 

In  the  above  examples,  the  column  of  soil  below  the  footing  was 
assumed  to  be  uniform  in  cross  section.  Equation  F-19  provides  a 
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Holution  taking  into  account  linear  variation  of  area  with  depth.  Here 
again  the  Runge-Kutta  method^  was  used.  Figure  F-)4  shows  the 
results  for  the  three  values  of  A,  (i.  e. ,  the  percentage  change  in  area 
with  depth):  15%,  and  25%. 

As  was  pointed  cut  earlier  with  the  number  of  parameters  in¬ 
volved,  there  are  innumerable  solutions  which  could  be  obtained.  More 
involved  variations  with  depth  or  inclusion  of  the  rigid  mass  could  alzo 
be  considered.  If  consideration  is  extended  to  alternate  formulati  ^ns  of 
the  stress-strain  relationships,  the  possibilities  are  increased  even 
more  substantially. 

The  solutions  presented  above,  however,  are  sufficient  to  demon¬ 
strate  that  consideration  of  'oil  compressibility  offers  a  potentially 
useful  theoretical  tool  for  explaining  the  observed  footing  be.,avior.  It 
should  be  emphasized  that  the  solutions  carried  out  to  date  have  not  been 
sufficient  to  nstabllsh  suitable  soil  parameters-.  There  is  still  much  to 
be  done,  bu'  ...c.  i  .thcr  believes  that  the  feasibility  of  type  of 

approach  as  been  demonstrated  and  that  continuing  et  along  these 

directiona  is  Ju.viilii'd. 
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